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ABSTRACT 
A mathematical model has been developed to 
represent the extraction of sugar from sugar cane in the diffusion 
process. As a consequence of the structure of prepared cane, 
extraction is postulated to occur via two first order relations in 
parallel. 
The model was found to represent accurately the 
extraction behaviour observed in two different experimental 
configurations. Experiments on a laboratory scale were under-
taken to elucidate the mechanism and basic rates of extraction. 
The results are consistent with the postulate that extraction takes 
p l ace by a combination of washing and molecular diffusion. 
The diffusion process was simulated experimentally 
in a fixed-bed pilot plant diffuser. Model parameter values 
estimated from this data provide evidence of the effect of liquid 
hydrodynamics on the extraction process. These results have 
been interpreted in terms of liquid holdup, liquid velocities and 
the efficiency of liquid- solid contacting. 
It is shown how the model can be applied to full-
scale diffuser s of the moving- bed type, which will enable pred ic-
tion of performance and the choice of optimum operating conditions. 
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INTROD UC TION 
Although the cane sugar diffusion process 
is a relatively recent innovation in the sugar industry, 
experiments into the extraction of sugar from cane by 
diffusion were carried out as early as 1886 in Louisiana 
(Meade, 1963). Apart from a diffusion battery system 
which operated in Egypt for over 50 year s, the diffusion 
process was not applied on a large scale until fairly 
recently. The successful advent of the continuous 
sugar beet diffusion proces s directed attention to the 
possibility of using a similar system for processing 
sugar cane. As a result the first full-scale 
continuous cane diffusion system was installed some ten 
years ago; and since that time more than 60 diffuser 
installations have been comrnis sioned throughout the 
cane-producing areas of the world. 
The advantages of diffusion as an alternative 
to milling were soon realized, and catalyzed the rapid 
acceptance of this new extraction process. Apart from 
the savings accruing from lower capital, operating and 
maintenance costs, it has been amply demonstrated that 
the degree of extraction achieved via diffusion is as good 
as and generally better than can be obtained by milling. 
This is an important consideration, since the economics 
of sugar cane processing generally dictate that as high a 
level of extraction as possible should be aimed for. 
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Since the diffusion process represents the 
major developrnent in the sugar recovery proces s in 
recent years, it is not supported by the depth of back-
ground knowledge which exists for most other unit 
operations in a sugar mill. As a result the develop-
ment of cane sugar diffusers has followed a somewhat 
haphazard course. 
A principal factor which hindered the 
application of the diffusion process to the extraction 
of sugar cane was the attainment of a suitable type of 
cane preparation. This is due mainly to the tough 
fibrous nature of cane in comparison with a material 
such as sugar beet which is easily cut into thin 
regular slices. It is still conceded that the type of 
preparation has a major effect on diffuser performance. 
The picture is further complicated by the variable nature 
of a plant product such as sugar cane. 
The technology of diffusion has now reached 
a stage where reliable diffusion systems can be installed, 
based on the experience gained over a number of years. 
However, the state of the art is such that virtually every 
diffuser installation has required in situ modifications 
once it has been installed to improve its performance. 
The fact that some types of diffusers now commercially 
available are based on diametrically opposite concepts 
demonstrates that the designer is still not in a position to 
specify the qualities which an efficient diffuser should 
possess. 
In order to rationalize subjective information 
and experience in the design and operation of diffusers, 
it was decided to investigate the possibility of formulating 
a mathematical model of the extraction process in which 
the parameters are in some way dependent on the charac-
teristics of the cane being processed and the diffuser 
operating conditions. 
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The existence of such a model which provides 
an adequate description of extraction performance is a 
necessary pre-requisite for two important investigations: 
1. In the design of a new diffuser installation 
the model could be used to find the optimum 
size, configuration and operating conditions, 
for a given cane throughput and extraction 
level. This would entail consideration of: 
the degree of cane preparation and the 
as sociated cost of cane preparation; the 
imbibition rate and evaporator capacity and 
fuel availability; the operating temperature 
and the extent of impurity extraction. 
2. In the formulation of the optimum operating 
policy for an existing diffus er, it would enable 
prediction of extraction as a function of the 
control variables. This would involve the 
same consideration; as above, but relates 
instead to a diffuser of fixed size; in this 
case an additional constraint is imposed 
by the neces sity to maintain an efficient 
liquid flow system consistent with the 
diffuser configuration. 
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The primary objective of this study is to develop 
a mathematical model of the extraction process, which will 
allow diffuser extraction performance to be predicted for any 
given operating conditions. 
In order to develop and test the model, the diffusion 
process was simulated on a fixed bed pilot plant diffuser. This 
was supplemented by information obtained from a simple 
laboratory extraction apparatus. Of necessity, the scope of 
the investigation had to be wide enough to embrace all aspects 
of a fundamental nature which affect performance in practice. 
This has resulted in a better and more basic understanding of 
the diffusion process. 
It is patently of little benefit to look at 
sugar diffusion as an isolated process. Since the 
ultimate aim is maximum overall recovery of 
sucrose, this study has also included an investigation 
into the extent of non- sucrose species extracted in the 
diffusion process. 
Finally, it is shown how the model can 
be applied to a full-scale diffuser of the moving-bed 
type; in this form the model can be used for design 




REVIEW OF PREVIOUS WORK 
Previous investigations into sugar diffusion 
have been confined alrrlOst exclusively to studies of a 
qualitative nature. Clearly such work has limited ap-
plicability for design or control purposes, which r e -
quire a far more rigorous approach. It is likely even 
that not all the important effects operative during the 
extraction process have been identified. 
In the abs enc e of a more comprehensive in-
vestigation into diffusion, the e xtraction system can 
be considered as comprising the following sub- systems: 
1. Biological, dealing firstly with the nature of 
the cane, which is responsible for the charac-
teristics of the bagasse to be proc (;ssed, and 
secondly with the effect of structure on 
extraction from a material of vegetable origin. 
2. Fluid mechanical, dealing with flow through 
packed beds and the attend ant effects on liquid-
solid contacting and mass transfer rates. 
Both of these aspects have been covered per 
se in the literature. Together they influence the perfor-
mance of sugar diffusers, but a review of published 
literature on diffuser perfornlance shows that one or both 
have invariably been neglected. 
2. 1 THE STRUCTURE 
OF SUGAR CANE. 
A pre-requisite for the understanding of 
diffusion is an adequate knowledge of the structure 
of the raw material, sugar cane. Related to this, 
the distribution of sucrose and impurities within 
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the cane furnishes information on expected rates of 
extraction of these substances. An elementary study 
of the sugar cane can provide sufficient detail for the 
purposes of this investigation. 
2. 1. 1 Anatomy. 
Most of the information of this section has 
been obtained from van Dillewijn (1952). Basically, 
the sucrose is stored in two types of cells, the major 
part in large soft-walled cells called parenchyrrla, 
while a certain amount is also stored in small elongated 
tough tubular cells called sclerenchym.a. The latter 
form part of the vascular bundles. 
A cross section of an internode, illustrated 
In Fig. 2. l , shows from the outside towards the centre, 
the epidermis, a narrow cortex or rind, and vascular 
bundles embedded in a matrix of parenchyma cells. 
The size of these cells increases graduaHy towards the 
centre of the cane stalk. These cells are separated by 
small intercellular spaces, generally filled with air. 
The cortex or rind consists of several 
layers of cells, many of which are sclerenchymatous 
(i. e. of the elongated thick-walled type) . Many of these 
cells are lignified, which contributes to the hardness of 
the rind. The cortex varies in width and composition in 
different regions of the stem, as does its hardness, which 
depends on its fibre content. 
The fibrovascular bundles are fairly widely 
spaced in the central part of the stalk, but towards the 
periphery, their number increases while their size 
decreases, as can be seen in Fig. 2. 1. The bundles at 
the periphery often lie so close together as to form 
practically one solid ring. 






Cross secti on through the outer part of an inter-
node of a cane stalk. 1, Epidermis; 2, thick-
walled cells forming the rind; 3,4, vascular 
bundles of different sizes; 5, sclerenchyma; 
6, parenchyma cells. From van Dillewijn (1952) 
afte r Lewton- Brain. 
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In the internode region, the fibrovascular 
bundles run rnore or less parallel to each other. In 
the node, many of them branch or bend to the leaves 
or buds, and moreover, since the tissue is often lig-
nified here, the nodes are much harder than the 
internodes. 
A transverse section of a bundle is 
shown in Fig. 2. 2. The bundle consists of a 
sclerenchymatous sheath which surrounds the xylelTI 
and the phloem. The xylem consists of the protoxylem 
with adjacent lacuna or air tube, and two large vessels 
surrounded by flattened parenchyma cells. The phloem 
consists of sieve tubes and companion cells .. 
Water and nutrient from the roots flow up 
the large xylem vessels to the leaves. The major part 
of this water leaves the cane in transpiration cooling, 
so that the concentration of dissolved solids in the 
xylem is very low. The products of photosynthesis 
translocate from the leave s to the cells through the 
sieve tubes of the phloem. 
Each c ell is lined with a layer of protoplasm, 
which is so thin as to be scarcely visible under a mic:ro-
scope. The cell walls are composed mainly of cell u-
lose and hemi- cellulose (pentosans). Cellulose is per-
meable to water and solutes, while protoplasm is per-
meable to water and some solutes only (Transeau et. al., 
1940). Although sucrose finds its way into sugar 
storage cells from the xylem by diffusion, the rate of 
diffusion is so slow that, considering the time scale of 
the diffusion process, protoplasm may be considered as 
es sentially irnperrneable to suc ros e molecules. 
2.1.2 Composition of 
Sugar Cane. 
The composition of cane varies widely, depen-
ding on the cane variety, the region in which it was 
grown, climatic conditions during growth, and its degree 
of maturity. 
Fig. 2. 2. 
ANNULAR ELEMENTS 
LACUNA OR. AIR TUBE 
XYLEM VESSEL 
SCLERENCHYMA 
P ' '-"'EM {S - SIEVE. TUBE H~ C "'COMPAN ION CELL 
PARENCHYMA OR. STORAGE CELLS 
INTERCELLULAR SPACES 
Three dimensional repre sentation of a vascular 
bundle. 
From van Dillewijn (1952) after Martin. 
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Average values of the sucrose and fibre 
content of cane processed in South Africa, calculated 
from figures for the last sixteen years, (Lamusse, 1971). 
are: 
Sucrose % cane 
Fibre % cane 
13 . 41 
15.39 
The remainder consists largely of water. 
'Fibre' is defined as the total non-soluble 
material in cane . It represents the fibres derived 
from the vascular bundles as well as the parenchyma 
cell wall material, termed pith. The fibre content of 
South African canes is generally higher than in most 
other parts of the world. 
Other constituents of sugar cane are, in 
decreasing order of concentration, reducing sugars, 
inorganic material, nitrogenous substances, gums, 
fat and wax, and free and combined acids (Spencer 
& Meade, 1945) which account for roughly 2% of the 
cane. 
2. 1.2. 1 Distribution of Sucrose. 
The juice contained in the parenchyma 
cells of the ground tis sue has a higher concentration 
of sucrose and a lower concentration of impurities 
than the juice in the fibrous schlerenchyma cells. 
Since the parenchyma cells occupy roughly 70% by 
volume of the cane, it is clear that Inost of the sucrose 
is contained in the parenchyma cells. 
Shnilarly, more sucrose is found in the 
internodes than the nodes. This is illustrated by the 
analysis of Stubbs, reported by Deerr (1905), in 
Table 2.1. These figures are not representative of 
South African canes, and furnish a rough guide only. 
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Table 2. 1 Analysis of Nodes and Internodes of Cane. 
Brix 
Glucose 











The rind contains relatively very little juice, 
of high impurity content. 
2. 1. 2. 2 The Cell Walls 
These are made up of long chains of cellulose 
bound together by hemi-cellulose, lignin, and pectin. An idea of 
the relative amounts of cell wall constituents is given by figures 
reported by Honig (1958) shown in Table 2. 2. 
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pound in polymer. 
B-D-glucopyranose in 
1-4 pyranoside linkage. 
B -D-xy1opyranose in 
1-4 pyranoside linkage. 
amino acids in peptide 
linkage. 
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The pentosans in cane are of the 
xylan-araban type. Lignin is universally as sociated with 
the hemicellulose accompanying the cellulose in the fibre 
structure of plants. It has an aromatic structure, and is 
probably deposited in the pores. (Honig, 1958). Cellulose 
is insoluble, but the other cell materials are soluble or 
may be dispersed in the juice as colloids during process-
ing. The gums in the juice are derived entirely from the 
hemicellulose of the fibre (Browne & Phillips, 1939). 
The fibre content is higher in the fibro-
vascular bundles than in the parenchyma. Although the 
parenchyma cells compris e roughly 70% of the cane by vol-
ume, its fibre content is so low that it does not amount to 
more than 25% of the whole quantity of dry fibre. Table 2. 1 
shows the fibre content of the nodes to be higher than in 
the internodes. Similarly, both the chemical composition 
and physical structure of the fibre varies according to the 
part of the cane stalk from which it derives. 
Considerable evidenc e exists which indicates 
that natural fibre has associated with it a certain amount of 
water, called 'brix-free' water, which does not dilute the 
juice in cane. Bruijn (1963) has reviewed experimental evi-
dence, and concludes that an amount of water, more correc-
tly termed 'hydration water of fibre', is associated with 
natural cane fibre, to the extent of 20-30% of dry fibre by 
weight. Thus a figure of 25% will be assumed for brix-free 
water. Although this has been a subject for contention, the 
South African Sugar Industry as a whole has accepted this fig-
ure for the purposes of the new cane payment system. 
2.1.2.3 The Location of 
Impuritie s. 
Reducing sugars are the most abundant impur-
ities in cane. As they are the building blocks for growth, a 
high reducing sugar content is found in the top portion of the 
cane stalk (Barnes, 1964). Likewise, the figures in Table 
2.1 indicate lower reducing sugar concentrations in the 
nodes, which are do rnlant regions. 
Inorganic substances are reported to constitute 
from approximately 0.6 - 1. 0% of fresh cane stalks (Barnes, 
1964). Nearly half of this is silica, while other constituents 
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in roughly dec reasing concentration, are K, P, Ca, S, 
Na, Mg, Fe, and Cl, and traces of several other ele -
ments (Spencer & Meade, 1945). Most of these inorgan-
ic materials are dis solved in the sugar solution in the 
cells, while silica (to a large extent) and calcium are 
present in ce1l walls. This is supported by the fact that 
K, Na, and Cl are extracted to the same extent as 
sucrose in milling, while extraction of Si, Ca, Mg, and 
P depends on the age, variety and growth conditions of 
the cane (Honig, 1958). Far more of this inorganic 
material is as sociated with the vascular bundles than the 
parenchyma cells (Prinsen Geerligs, 1909). 
Impurities which originate fron1. the cell 
walls, gums, pectin, etc., were mentioned in the pre-
vious section. The existence of starch in cane has re-
ceived a considerable amount of attention in South Africa 
because of the high starch content of South African canes, 
and because of the adverse effect of starch on the recov-
ery of suc ros e (Wood, 1962). It is formed by the conden-
sation of glucose, and consists of a mixture of two poly-
saccharides. The major component, amylopectin, amounts 
to from 75 to 85% of starch, and has a highly branched 
structure; the remainder, amylose, is an essentially un-
branched polymer. Both contain 1, 4-ct - D -glucopyrano-
side chains. Starch exists ahnost entirely as water -
insoluble granules, and constitutes a reserve carbohy-
drate food. The starch can be readily transformed by plant 
enzymes into metabolites such as sucrose and hexose phos-
phates, depending on the metabolic requirements of the 
plant. (Manners, 1968). 
Wood (1962) has demonstrated that different 
canes show considerable differences in starch content, 
which depends largely on the cane variety, and the stage of 
growth. He reported that Inost starch is located in the top 
2 to 3 feet of the cane stalk, and that the nodes contain 3. 5 
to 4 times n1.ore starch than the internodes. Starch is pre-
sent in very sn1.all quantities in each cell, but more starch 
is associated with the bundles than the parenchyma cells. 
The structure of starch granules is affected 
by eleva ted temperatures, which facilitate its extraction. 
This is discussed at greater length in section 2.8. 
The surface of the cane stalk is coated with a 
thin layer of wax, often more concentrated in the nodal 
regions. Traces of fatty matter, present as fatty acids and 
sterols, are present in the interior of the cane stalk 
(Barnes, 1964). It has been stated that the external waxy 
. deposit acts as a protection against excessive evaporation 
_.( __ .: ............ _ ...... ,C __ ~ ~L-. -.~._i _ _ ~ _f .L1_ . 
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2. 1. 3 Discus sion 
It has been shown that considerable dif-
ferences in the physical structure are present in dif-
ferent regions of a cane stalk. Apa rt from the non-
uniform structure, it is evident that the distribu-
tion of sucrose in cane is likewise non-uniform. The 
juice contained in the parenchyma cells has a higher 
conc entration of suc ros e, and a lower impurity 
content than that associated with the fibrovascu1ar 
bundles and the nodal regions. 
Furthermore, it is clear that different 
canes manifest significant differenc es in both phy -
sica1 structure and chemical composition. This is a 
well-known characteristic of materials of vegetable 
origin. 
2,2. CHARAC TERISA TION 
OF BAGASSE 
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It has been recognised that the degree of 
preparation of bagasse has an important influence on 
the performanc e of diffus ers (e. g., Foster & Shann, 
1968; Silver, 1968). A consequence of the variabil-
ity of cane is that the san1.e method of preparation ap-
plied to different consignn1.ents of cane can lead to vast 
differences in the nature of prepared bagasse. It is 
necessary, therefore, to have some quantitative means 
of assessing the bagasse entering a diffuser. 
The nature of bagasse is such that it is 
not amenable to normal methods of particle size 
analysis which have been applied to more uniform par-
ticulate systen1.s. In the previous section, it was shown 
that the cane stalk is heterogeneous both with respect 
to structure and suc 1'05 e distribution. Size reduction of 
cane particles in the shredder is achieved by tearing of 
the soft tissue between the tough fibres, resulting in a 
fibrous mat of particles. The action of the 1 st mill 
subsequently on the cane differs from that of the 
shredder. being one of cutting and squeezing. The 1 st 
mill is not as efficient as regards size reduction, gen-
erally only larger particles suffering appreciable reduc-
tion in size. Subsequent to the squeezing action of the 
1 st mill, where a large fracti.on of juice is removed, the 
bagasse particles expand sornewhat, resulting in a sig-
nificant fraction of particles with some degree of inter-
nal porosity. 
In spite of intensive preparation, the non-
homogeneity of the cane stalk manifests itself in prepar-
ed bagasse as well. The larger particles are rough and 
flattened. These larger particles originate from the 
rind and nodal regions of the cane, i. e. , thos e parts 
which are toughest and most resistant to breakage. 
The small particles can be roughly clas si-
fied into pith and fibre. Particles of intermediate size 
are comprised of both pith and fibre, and have irregular 
shapes. It is evident that bagasse consists of particles 
of a wide range of shapes and sizes, and rnethods of 
characterising bagasse have been restricted to simple 
laboratory tests. 
Foster and Shann (1968) reported that 
Behne first applied sieve analysis to measure 
particle size. He expressed his results in terms 
of a 'finenes s factor', which is defined as: 






where wi is the percentage by weight retained on 
the ith screen, and xi the corresponding sieve 
aperture. As pointed out by Foster and Shann 
(1968), this may be considered as essentially a 
measure of surface area. 
Foster and Hill (1966) reported sieving 
results in tenllS of an average particle thickness, 
d pT ' defined as: 
= 100 
where xi refers to a norninal average size of 
particle retained on the ith screen. They were 
able to correlate extraction in a pilot plant diffuser 
in terms of this quantity, lower values of dPT 
resulting in higher extractions. 
A measure of the availability of juice in 
prepared cane by means of a simple cold leaching 
test was fir st reported by Payne (1960). The ratio 
of sucrose extracted in the leaching test to the total 
sucrose was termed the 'leachability index I, subse-
quently referred to as the displaceability index (Dr). 
Although Payne refers to Dr as a "direct measure 
of preparation", the results depend on the duration 
of the leaching test (equilibrium is only attained 
after a few hours), and this method does not account 
for variations in shape and size of the particles. 
Dr is nonetheless a useful quantity, and its use has 
been reported by Aldrich and Rayner (1962), Foster 





Similar attempts at characterisation of pre-
paration in milling studies have also involved DI and 
sieve analysis. Pastega(l97l) rec ently reported mea-
surernents of average particle thickness (from sieving) 
and 'pol in open cells', (similar to DI) which he related 
to extraction obtained in a hydraulic pres s. A compari-
son between the two methods showed a considerable 
dependence on cane type, which was also evident when 
each of the two methods was compared with extraction 
values. Changes in cane type or quality can affect not 
only the physical siz es of particles, but also their 
microstructure and the distribution of sucrose. DI 
woulel account for the two latter aspects, while sieve 
analysis would not. 
Hende rson (1970) reported attempts to relate 
the results of sieving tests on shredded cane on a rou-
tine basis to 1 st mill extraction. No correlation was 
found, although 'pol in open cells' showed a better cor-
relation with 1 st Inill extraction. Therefore he conclu-
ded that sieve analysis is too sensitive and technique -
dependent to be applied 011 a routine basis. No indica-
tion of the reproducibility is given which might support 
what is otherwise a subjective conclusion. In that case, 
his findings could be interpreted as indicative of the 
fact that Dr is a more suitable parameter for milling 
control . This is substantiated by the results of Pastega 
(1971). Pastega also pointed out that the long fib r 0 u s 
particles in shredded cane can lead to low sieving ef-
ficiencies. This is likely to be more serious with shred-
ded cane than 1 st mill bagas s e. 
It should be remembered that particle size 
fran:). sieve analysis and Dr arc n:1.easurcs of different 
properties. The form.e r yields a physical dimension, 
while the latter rela t es to the ease with which suc ros e 
can be extracted in relation to the structure of prepared 
cane on the micro-scale. It is to be expected that DI 
would be important in both milling and diffusion; however, 
. in diffusion the physical size also has direct significance 
through its effect on the hydrodynamic s of liquid flow 
through a bagasse bed. 
One further method of characterising prepara-
tion has been reported by the Australian Sugar Research 
Institute (Anon. 1958). The bulk density of bagasse, mea-
sured after pres sing at 15 psi for five minutes, is claim-
ed to provide a simple, consistent, and reproducible 
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measure of cane preparation. Bulk densities were 
relatedtothe 'fineness figure ' determined by siev-
ing, and were shown to provide a reasonable cor-
relat i on. However, Sohn and Moreland (1968) have 
shown that for log-normal size distributions, to 
which bagasse particles approximate (see section 
5.1), packing densities are independent of particle 
size, but arc functions of shape and size distribu-
tion only. Thus it is likely that bulk densities will 
be similarly affected. 
The use of bulk densities has not found 
widespread us e, but Crawford (1970) has recently 
advocated its use for assessment of shredder per-
forITlance. However, he reDorts that results 
depend on the fibre content; this could perhaps be 
overcome by the use of fibre density instead. 
It is clear that relativ ely few methods of 
characterising preparation have been developed , all 
of which are indirect methods whose results depend 
on the exact technique s employed. It is important 
that consideration be given to th e properties which 
these indir ect ITlethods represent. Frorn the point of 
view of diffusion, it app ears that DI can furnish a 
good meas'...ue of the e£fec t of the mic ro- structure of 
bagas se on extractability, while sieve analysis, al-
though not as reliable, should provide a measure of 
the properties of bagasse which influence bagasse 
bed characteristics on a mac ro- scale. 
2.- 3 FLOW THROUGH 
PACKED BEDS 
The mechanics of liquid flow through a 
bagas se bed will affect the rate of mas s transfer 
between bagasse and liquid. Thus in formulating 
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a lTIodel of the extraction process, it is important 
that this be taken into account. Considerable atten-
tion has been given in the literature to the model-
ling of £10\.'.1 through packed bed~ which attempts to 
account for the non-ideal flow, and has relevance 
for the liquid flow - bagasse bed system. 
The assumption of plug flow considerably 
simplifies the analysis of the processes occurring 
in flow through porous media. In practice, this is 
an over-simplification. Mixing of the flowing liquid 
occurs, and the resulting dispersion affects perfor-
mance. In mass transfer operations, this implies a 
reduc ed driving forc e for mass transfer. Greenkorn 
and Kessler (1969) have enumerated a variety of 
rnechanicrns of dispersion which occur on a macro-
scopic scale, and which rnay contribute to the over-
aU observed dispersion. Most of these Inechanisms 
defy accurate mathernatical description, and sim-
plifying assumptions are required to furnish a model 
which is not so complex as to be completely intract-
able. 
The nature of bagasse is such that increa-
sed dispersion maybe possible due to the particle 
size distribution, combined with complex shapes. 
Further, the fibrous nature of the particles leads to 
an interconnecting network, which together with 
significant particle porosity will promote higher 
values of static holdup. Kyan et. al. (1970) have re-
ported the existe nce of considerable regions of stag-
nant liquid in fibrous beds, an effect without parallel 
in a granular bed. 
Flow models of interest can be arbitrarily 
clas sHied as:-
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1. Microstructure ITlodels, which con-
sider flow in a capillary tube or other siITl-
pIe structur e , which it is assurned, approx-
imates fairly well to part of the porous 
structure. The results then need to be COITl-
bined and av e ra g ed in such a way that 
com.parison with experimental behaviour is 
pos sible. 
ii. The a x ially dispersed plug flow ITlode l , 
or ITlore sirnply, the dispersion ITlodel, which 
aSSUDl.es that ITlixing can be described by a 
diffusional p]'ocess superirn.posed on plug 
flow. D e via tion froITl plug flow is accounted for 
by a quasi- Fickian flux tenn, - D oc / Ox, where 
D is the axial dispersion coefficient. 
iii. Mixing cell models, which represent 
the flow through a packed bed by a nUITlber of 
equal sized ITlixing tanks. Flow is character-
ised by the n unlber of mixing cells, j, in 
s e ries; the extreme cases are plug flow (j-+<:<> ) 
and cOITlplet e mixing (j= I). 
iv. Statistical ITlodels, which attempt to 
account for the microscopic nature of the flow 
process. In contrast to the continuurn models, 
they take account of the discontinuous nature 
of the flow paths, by considering elem e nts 
within the bed whose properties are represen-
ted by statistical distribution functions. 
In a s ens e, the flow D1echanisms should be 
considered in conjunction with the ITlass transfer pro-
cess involved. Only in this way can the extent of their 
contribution to overall p e rforITlance be assess e d. 
2. 3. I Micro- structure 
Models. 
The g eOITletry of the Dlic ro- stru cture in a 
packed bed is cOITlplex; flow occurs in the pores and void 
spaces in and between the solid materials. One ITlethod 
of attack is to consider flow in a capillary tube or other 
-
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simple structure, which it is assumed approximates 
fairly well to part of the porous structure. These 
models provide some insight into the mechanism of 
flow and form a base fronl which other models are , 
derived. 
Micro- structure models have recently 
been reviewed by Nunge and Gill (1969). Most effort 
has been directed to flow in circular channels; the 
equation describing the concentration, c, of a tracer 
injected into laminar flow in a tube is: 
~ 
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whe.l'e Dm is the molecular diffusjon coefficient, u{r) 
the parabolic velocity profile, and r the co-ordinate in 
the radial direction. Taylor (1953) showed that this 








Radial gradients are ignored, and U and C refer to 
average values across the tube radius. D now 
represents an effective dispersion coefficient, which 
has been relate d to U, the tube radius, and Dm (Taylor 
1953, Aris, 1956), on the assmnption that the dispersion 
processes are linear, and ultimately yield a Gaussian 
response. 
The work of Gill and co-workers has been 
summarised by Gill and Nunge (1969). This includes 
an analytical solution to equation (2.4) for both step and 
slug inputs; the effect of different boundary conditions 
and the corresponding conditions under which the results 
hold (Gill and Ananthakrishnan, 1966); and the effect of 
developing velocity fields. Work on turbulent flow is 
discussed; in this case material is dispersed by the 
additional mechanisms of eddy diffusion, and D is there-




The advantage of these models is that other 
effects can be incorporated relatively easily. Buoy-
ancy effects have been analys ed by Reejhsinghani, 
et. a1., (1966), while capacitance effects have been 
incorporated by Turner (1958). Aris (1959) extended 
Turner's analysis, and showed that stagnant regions 
can increase overall dispersion by up to eleven 
times. Dayan and Levenspiel (1968) extended the 
Turner model to include the effect of adsorption, 
which also contributes to the dispersion. 
Sinc e flow through porous media is too com-
plex to be described by any single lTIodel, micro-
structure models consider a few effects, and neglect, 
or minimise, others. The difficulty lies in combining 
micro-structure units in such a way that they repre-
sent flow in a packed bed. However, these models 
enable an estilTIatc of the inlportance of the various 
mechanisms of dispersion, and show how they contri-
bute to the overall observed dispersion. Turner (1959) 
and Dayan and Levenspiel (1968) see the usefulness of 
their m .odels in comparing diHerent systems, in order 
to obtain estimates of effects such as adsorption. 
2. 3. 2 The Dispersion 
Model. 
The dispersion model has been widely employ-
ed to represent lTIixing in packed beds. It assumes that 
Dlixing can be considered as a diffusional process 
superimposed on plug flow. Dispersion occurs in both 
the longtitudinal and radial directions, but in practice 
radial dispersion is less important and is often 
neglected. Then the dispersion model is described by 
equation (2.4), where D is again defined as an effect-
ive axial dispersion coefficient. The generalisation of 
the Taylor equation (2.4) for flow in a tube to flow in 
packed beds is an oversirnplification of a complex flow 
system, but has proved an effective method of charac-
terising fluid mixing. 
The results obtained from integrating equation 
(2.4) depend on the boundary conditions used. These 
are discussed by Gunn (1968), who states that a lack of 
knowledge of the mechanic s of dispersion makes the 
choice of the correct boundary conditions difficult. 
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Evaluation of dispersion coefficients has been 
made by comparing the response to sinusoidal or pulse 
inputs with the predictions from the dispersion mod el. 
Chung & Wen (1968) a nd Gunn (1968) have reviewed a large 
amount of exp e rilnental work. Dispersion results are 
generally corr e lated using the Peclet munber, Pe 
(=d U/D) in terms of the Reynolds number, Re. The 
SclR'1.1idt number is unimportant when liquids are considered, 
except at very low flow r a tes (Gunn, 1968). A large amount 
of scatter is evident in the experimental data; according to 
Gunn and Pryce (1969), a significant part of the scatter can 
be explained on experimental observations that re-packing 
a bed a nd repe a ting the determination of Pe shows a 
standard devia tion of O. 15 Pe. Thus the relativ e 
orienta tion and a rrangement of particles, even at the same 
porosity, affe cts dispersion. 
For liquid phase flow, values of Pe are fairly 
close to 1, while dispersion in the radial direction is of 
the order of one tenth that in the axial direction. 
Values of Pe for gas flow a re close to 2, which 
is the value pr e dicted by the mixing c e ll model. Deans 
& Lapidus (1960) and Gottslich (1963) have shown that the 
exislence of stagnant regions of liquid within the packing 
can explain the discrepancy between values of Pe in liquid 
and gas flows. 
In a review by Turner (1964), the effect of 
dispersion on chemical conversion is discussed. Generally 
dispersion has a negligible e ffect, except for large 
deviations from plug flow, or for fast reactions in very 
short beds . Similarly, its effect on drying processes is 
in1portant only in short beds. Experimental results in 
beds of ion exchange resin beads prompted Turner to 
state "it is unusual for longitudinal dispersion to be an 
important factor when kin e tic or mas s transfer rates are 
involved, but whe n the latter are rapid, and the bed is 
shallow, the longitudinal dispersion must be taken into 
account". This is supported by Carberry ( 1958) who 
analys ed the effect of axial disper sion on fir st order 
rate proces ses. He found that the effect of axial 
mixing was n e gligible in beds of practical aspect ratio 
(bed height I particle diameter). 
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2.3.3 Mixing Cell Models. 
A number of equal sized mixing tanks 1S 
sometimes used to represent the flow through a packed 
bed. This visualises a packed bed a consisting of flow 
paths between particles connecting the interstices, 
where each of the interstices is treated as a perfectly 
mixed region. This model describes satisfactorily the 
relatively small deviations from plug flow which occur 
in packed beds of sufficient length (Levenspiel, 1962). 
Flow in this system is characterised by the 
number of cells in series, j. Kramer!> and Alberda 
(1953) showed that j is related to the dispersion 






whel·e Z is the bed height. They found that this 
relation holds only for j >",10. If each rnixing cell 
(2. 5) 






Equations (2.5) and (2.6) can be combined to give: 
Pe = 2 
(2. 6) 
(2. 7) 
From equation (2. 7) it can be seen that the 
mixing cell model predicts dispersion coefficients 
proportional to velocity, which is in accordance with 
experimental data, except at very high flow rates (Nunge 
& Gill, 1969). However, both Gunn (1968) and Nunge 
& Gill (1969) consider the implied physical proces s to be 
unlikely. Although Shulman & Mellish (1967) observed 
turbulent mixing at the junctions between packing elements, 
Nunge & Gill report other observations that fluid streams 
retain their identity at the junctions. 
For j great enough, mixing cell models predict 
results very close to those of the dispersion model. In this 
case, the mixing cell model has the added advantage of compu-
tational simplicity compared to the dispersion model (Bischoif, 1966). 
2.3.4 Statistical 
Mod e ls. 
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Models of the disp e rs ed plug flow type ignore 
the microscopic nature of th e flow process, and assume 
that dis persion occurs in on e continuous mediun-l. In fact, 
dispersion occurs in a medium which exhibits abrupt 
changes. Greenkorn & Kessl e r (1969) point out that pre-
cise lnathematical desc ription of the Il1ic ro- structure in 
a porous medium is im.pos s ib l e , and sumrnaris e various 
attempts to represent the properties of the medium by 
stochastic models. 
Typical of this approach is the work of 
Saffman (1959). He propos e d a model consisting of ran-
dom.ly rnixed straight capillarics ci giv e n length allcl dia-
Ineter. Several capillaries start and fini s h at one junc-
tion, and the orientation of the capilla ries to the direct-
ion of flow is randorn. LalYlinar flow and a pressure 
gradi ent linear with distanc e is assum ed. A random 
walk wa s taken with this rrlode l, assUlning succ e ssive 
st eps to be statistically i n d e pendent. Axial and radial 
disp e rsions wer e then calculated, and fair agreement 
with experime ntal data was obtained. 
The amount of work report e d on statistical 
models is meagre. Although the results are capable of 
repre s enting experimental data, they rely heavily on e x-
perim.e nt for the evaluation of the nec es sary pa rarrleters; 
they have not b ee n developed to a stage where the y nlay 
be us e d to predict dispersion in porous media. 
2. 3. 5 Capacitance 
Eff e ct. 
Exp e rimental evidence of Shulman et a1 
(1955) and othe rs points to considerable liquid stagnancy, 
which is not accounted for by the dispersion model. 
Similarly, it h a s been found that in SOllle cases th e dis-
persion model is incapable of representing impulse res-
ponse measurements in packed beds, due to excessive 
'tailing' of the residence time distribution curve. This is 
a manifestation of the capa citance effect due to the pre-
sence of stagnant liquid within the bed. This effect is 
more pronounc e d with liquid than gas flow (Bischo£f,1966), 
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due to the lower molecular diffu.sivities of liquids. 
As a result, a number of workers have modified 
flow models to incorporate the capacitance effect, 
in micro- structure models (Turner, 1958; Aris, 
1959), plug flow models (Hoogendoorn & Lips, 
1965; Hochman & Effron, 1969), mixing cell 
models (van Swaaij et aI, 1969; Levich et aI, 
1967; Deans and Lapidus, 1960), and the disper sion 
model (van Swaaij et aI, 1969; Gottslich, 1963; 
Bennett and Goodridge, 1970). 
Hochman & Effron (1969) proposed a 
model shn.ila r to that of Hoogendoorn & Lips (1965), 
term.ed the 'crossflow model'. This model assumes 
tha t a fraction, <D, of the liquid flows in plug flow 
through the bed, while the remainder, 1 - <P , 
comprises stagnant liquid pockets; exchange of 
m a terial between the 2 fr a ctions is repres ented by 
an exchange coefficient, k. The model is represented 
by the following equations: 
{:;C 
¢ 6~ + 







+ k (C - C ) = 0 
+ k (C' - C) = 0 
Both Hochman & Effron (1969) and Hoogendoorn & 
Lips (1965) found that values of cD were close to hD 
hT 
the r a tio of dynamic to total liquid holdup (and hence 
1 - <p = static holdup/total holdup). They found also 
tha t this model fitted re sidence time distribution curves 
better than the disper sion model. 
Van Swaaij et al (1969) and Bennett & 
Goodridge (1970) included the dispersion term 
o2C 
D --2- on the righthand side of equation (2. 8) to 
QZ 




As a first approximation, van Swaaij et. al. assumed 
cP = hD / h1" and used experimentally determined 
values of Pe obtained using non-wettable packings, 
where stagnant regions are absent. They obtained good 
agreement between experirncntal and predicted im-
pulse response curves. 
In a subsequent paper, Villermaux and van 
Swaaij (1969) obtained values of k and <f from a curve 
fitting procedure . They showed that <1> increases from 
0.6 to 1.0 as the flow rate increases . Thus static 
hold-up, hS (= (1-<p ) h T ) dec reas es from the value 
of hS = adherent holdup at zero throughput to hS = 0 
at high flow rat e s, depending on packing size. Good 
agreernent of the m.odel with experimental data was 
demonstrated, which was not possible with the ordin-
ary dispersion model. They showed in addition that the 
phenomenon of tailing is independent of axial dispersion 
and is due entirely to the effect of stagnant liquid 
regions. 
Benne tt & Goodridge (1970) confirmed thes e 
results, and also demonstrated that the static holdup 
is les s than the usual definition of h S = adhe rent holdup. 
(This is discussed further in section 2.4). 
Gottslich (1963) applied a similar analysis, 
but as sumed instead that exchange with stagnant 
regions occurs only by mole cular diffusion according 
to Fick I sLaw. This requires some as sumption regard-
ing the geom e try of the stagnant zones, in order to 
formulate the rat e of transfer with the stagnant liquid. 
Gottslich assumed the stagnant liquid to exist in a film 
surrounding the particl e s. He compared the calculated 
film thicknes s from this rnodel with the diffusion film 
thicknes s calculated from lnass transfer data (equiva-
lent to Dm / mas s transfer coefficient). He showed that 
if the distribution of fihn thicknes s es is taken into 
account, these two kinds of film are the same. Again, 
it is illustrat e d that axial dispersion has a negligible 
effect on liquid phase m .ass transfer experim.ents. 
Ros en (1952) and others have investigated the 
case where diffusion frOln the interior of porous par-
ticles occurs. Glaser & Litt (1963) showed that in this 
case, a significant contribution is made by diffusion 
from inter- as well as intra- particle fluid. 
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This review has covered only part of the 
evidence which confirms that dispersion models per 
se are inadequate for describing the flow through 
packed beds when stagnant pockets of liquid ex ist 
within the bed. This is particularly true at low flow 
rates. The correspondence demonstrated between 
the amount of stagnant liquid and the static holdup 
indicates that the major part of the static holdup is 
non-free flowing. Further, the results of Gottslich 
(1963) and others imply that the capacitance effect 
h a s a much greater effe ct on ma s s transfer in packed 
beds than axial dispersion alon e . This will be sub-
stantiated further in section 2. 5 where exchange with 
stagnant zone s is shown to play an important part in 
washing proces ses in packed beds. 
2.3.6 Additional E ffects. 
Nunge & Gill (1969) have reviewed instabilities 
which may be induced by differences in viscosities and 
den sities b e tween displacing and r e sident liquids. This 
c a n result in decreas e d or increased mixing in the liquid 
pha se (the l a tter is caus e d by gravity or viscous 'fingering'). 
Buoyancy effe cts have b e en cover e d by Reejhsinghani et al 
(1966). 
Liquid flow in diffusers involves the downward 
displacement of liquid. In this case, if the displacing 
phase is less dense, or at a higher temperature, the 
difference in density is termed '.favourable', resulting in 
a reduction in overall dispersion. This situat ion generally 
obtains in moving bed diffusers, and was realised in the pilot 
plant experimentsof this investigation. 
The wall effect becomes important if the ratio 
of tower to packing diarneter, dT / d is too low. It h a s 
been reporte d that dT/dp should beP> lO, (Bischoff 1966), 
or > 12 (Gunn 1968), for variations in fluid velocity to be 
negligibl e. Howeve r Schiesser and Lapidus (1961), 
observed a higher than expected wa ll flow even at a value 
of dT / dp = 16. Consideration of the extent of increased 
porosity ne a. r a wall leads to the conclusion that this ratio 
need only be greater than 8. Sta.nek and Kolar (1968) 
confirmed the findings of Schiesser and Lapidus that a 
higher than expected wall flow Occurs for dT/d >8, which 
cannot be explained only on the basis of increaFed porosity 
at the wall. 
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2.3.7 Discussion 
The developm ent of a model of the diffus ion 
process lTlUSt of necessity result in a form. which is 
mathematically tractable if it is envisaged that such 
a model find practical utility. With this in mind, it 
is clear that the us e of statistical models of the type 
described above appears unattractive. It is apt at 
this stage to quote Turner (1958) who stated that 'the 
nearer the chosen Inodel approaches actuality, the 
more difficult the ana.lysis and the more labori.ous the 
calculations' . 
Thus the development of a model is guided 
by two conflicting considerations - accuracy andprac-
ticability. In this respect, it is desirable to include 
only those effects which playa significant role and 
neglect or minimise others. Thus evidence has been 
presented which shov/s that unless very shallow beds 
are employed or extrernely fast ITlaSS transfer occurs, 
axial dispersion has a negligible effect on rnass trans-
fer perforlTlance (Carberry, 1958; Gottslich, 1963; 
Turner, 1964). However it would appear that with 
liquid phe,s e flow, the c2.pacitance effect due to the 
existence of stagnant liquid can have an inlportant ef-
feet. This has added significance in this case, since 
it has been poi.nted out that such static liquid may be 
higher in beds of bagas s e than in beds of the more con-
ventional packing lnaterials. 
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2.4 LIQUID HOLDUP. 
Liquid holdup may be considered as a basic 
dependent variable of packed bed operation. Its importance 
in nlass transfer processes is shown by the number of attempts 
made to expain and correlate mass tralLsfer perforrnance in 
terms of liquid holdup (eg. Furnas &. Bellinger, 1938; Davidson 
1959, Shulman et al. 1963). Further, liquid holdup measure-
ments furnish information on the fluid mechanical properties of 
packed bed systems; Sater &. Levenspiel (196 6) have reported 
that axial disper sion is a function of the same factor s that 
determine holdup, and holdup can be used to infer information 
on the degree of liquid- solid contact (Hochman &. Effron, 1969). 
The concept of the total liquid holdup as consisting 
of 2 COrllpOnents, the dynamic and static holdups, has been widely 
accepted. This may be represented as: 
(2.10) 
The total holdup represents the total amount of liquid in a packed 
bed at a given operating condition. The dynamic holdup is a 
measure of the amount of flowing liquid, and the static holdup, 
the difference between hI' and hD' therefore represents liquid 
retained in the bed which is not part of the flowing liquid stream. 
2.4. 1 Significance of Dynamic and Static Holdups. 
The total liquid holdup is a clearly .. defined quantity 
which needs no further elaboration. However, there appears 
to be some difference of opinion as to what the dynamic and static 
liquid holdups represent. Shulman et al (1955) pointed to evidence 
of considerable liquid stagnancy in a packed bed. Their observa-
tions on the flow of dye injected into a packed bed showed semi-
stagnant pockets of liquid; the splashing and random motion of 
liquid over the packing surface deposited or removed dye from 
the pockets by a slow random dilution process. Van Swaaij et al 
(1969) identified static holdup with stagnant zones, which is valid 
only if the definition of hS provides a realistic measure of stag-
nant liquid regions. The particular definitions of hD and hS 
will affect the physical significance of these measured quantities, 
as well as their numerical values. 
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The generally employed definitions are: 
1) the dynamic holdup (also referred to as the operating 
holdup)is the amount of liquid vvhich drains from the column 
for a specified period after the inlet flow is cut off. 
2) the static holdup is the amount of liquid retained by the 
packing after draining f or a specified time. 
These definitions have a number of disadvantages; firstly, 
hS (and hence h D ) is affected by the conditions in the packed 
bed befor e draining (Turner & Hewitt, 1959), and by end effects 
for small packings and low bed heights (Dombrowski & Brownell, 
1954), while the time a llowed for drainage. a lso affects measured 
values. But more important is the fact tbat t.he physical signifi-
cance of hD and hS defined in this way is not clear. With this 
definition of hS, hS is independent of flow rate (Shulman et al 
1955), and dependent only on the liquid-retaining capacity of the 
bed. 
Static liquid is retained at the points of contact 
between pa.rticles. Bennett & Goodridge (1970) pointed out that 
during percolatiol1, the saIne pointE; of contact must serve as 
transfer routes frOITl one packing element to another, and so the 
flowing liquid activates some of the hitherto static regions. 
Thus during percolat ion, there is an effective reduction in the 
amount of sta tic liquid. Both Glaser & Lichtenstein (1963) and 
Villerma ux & Van Swaaij (1969) maintain that at high enough 
flow rat e s, static liquid in a packed bed disappears entirely. 
Gelbe (1968) has proposed that hS has the value as defined 
above, which he tenns the "adherent holdup", at zero flow 
rate, but that due to the influ ence of the flowing film, the vah~e 
of hS decreases with increasing flow rate, approaching zero at 
very high flow rate s. Villerm a ux & van Swaaij (1969) fitted 
their dispersion model, incorporating exchange with stagnant 
zones, to residence tilne distribution measurelncnts, and found 
that the static liquid showed the same behaviour as proposed by 
Gelbe (1968). 
Thus the concept of a static holdup which decreases 
with flow rate appears a more realistic picture of actual physical 
flow conditions. The value of the dynamic holdup is naturally 
dependent on the definition of h S. 
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2.4.2 Correlation of Liquid Holdup Measurements. 
A large number of experimental investigations 
of liquid holdup in packed columns have been reported. Methods 
of measur ement have been outlined by J. E. Buchanan (1967) and 
generally involve rneasuring the weight of the colUlun dry, during 
percolation, and after draining, or measuring the voIUlue of 
liquid which drains from the column on interrupting the inlet flow. 
Shulm2.11 et al (1955) and Morton et al (1964) 
appear to have published the only m.easurerncnts of hT of any 
note. They resorted to empirical cOl'relations in terms of 
Land d which are specific for certain types of packing. However, 
most interest has been directed tovlards the separate components, 
hD and h S ' 
2.4. 2. 1. Dynamic Holdup. 
Two attempts have been made to pr edict hD froITt 
from theoretical considerations. Davidson (1959) proposed a 
model fo r flow in a randOlu packing. He considered the packed 
bed as a number of flat surfaces, inclined to the horizontal with 
an equal probability of all angle s, and an equal probability of all 
lengths up to a maximum given by the particle dimension. Liquid 
was aSstln1.ed to run dCJ\'in the surfaces in larninar flow, and at the 
end of every surface to be fully mixed before starting down the 
next. This allows the calculation of an average film thicknes s, 
which when multiplied by the w(:i ted area, yields the holdup. 
Buchanan J. E. (1967) recognized the existence of 2 
limiting flow regimes, gravity-viscosity and gravity-inertia 
regime s. The forme r was dealt with by an analysis sirnilar to 
that of Davidson (1959). For th e second regime, the assumption 
was rnad e that energy losses due to viscous drag are negligible. 
The flow is interrupted at intervals by steps, where the liquid 
loses a fraction of its kinetic energy before proceeding down the 
next slope. The results for the 2 flow regimes were then com-
bined in order to represent flow over the full Reynolds Number 
range. 
Even though Bucl1anan's equation for hD requires 
the evaluation of 2 empirical constants, both these proposed 
equations do not represent experimental measurements as well as 
purely en1.pirical correlations. Published correlations are 
summarized in Table 2. 3. 
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A " n d"pcncl on packing 
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page 34. 
Shulman et a1 (1955) found that hD is independent 
of packing material and shape, which has been confirmed by 
Standish (1968). This supports Davidson's theory that all ran-
dom p a ckings of a given size are equiva lent to a series of 
slopjng surfaces, and are indistinguishable from one another. 
However, reference to Table 2.3 shows that virtuaHy all 
corr e lations include em.pirical consta nts which are dependent 
on the type of packing used, or else are specific to one type of 
packing. · Thus these correlations l a ck the gene rality required 
for application to different packed bed systems. 
The correlation of Ota k c ~x Okada (1953) has found 
the wid e st application for conventional packing elements for 
which the constant have b een evalua t e d. Nonetheless, although 
Otake and Okade show data sca tter of up to 20% a b out this 
corr e lation, d a ta reported by Buchanan (1967) indicate gre a ter 
sc a tter, up to 32%, while Ivlohunta & Laddha (1968) report an 
average deviation of data froni this correlation of 27.7%. 
Gelbe (1968) claims to have reduced sc a tter con-
sider a.bly in cor r elating hD by takin g into account the fact that 
hS v a ries with flow rate. At low flow rates, the exponent on 
Re is 1/3, which j s predicted by Davidson's (19 59) theory, while 
at higher valu es of Re wher e viscous dr a g is negligible, the 
expon ent has a v a lue of 5/11. 
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2.4.2.2. Static Holdup. 
Shulman et al (1955) have pre sented the most 
comprehensive measurements of hS. They found that hS 
is strongly dependent not only on the size of the packing 
elements, but also the shape and type of m.aterial of the 




where both A and n depend on the material and shape of 
the packing. Shulman et al (19 5Sb) also investigated the 





where the value of A depends on the packil.lg, m is very 
small (~O. 03), and O. 2 < n < 1. 0, depending on the packing. 
(2. 11) 
(2. 12) 
Standish (1968 a) reported that his measurements 
did not agr ee with prediction s frOln Shulnlan I s equations, and 
that in general, measurenlents of hS on the sam.e packings by 
different workers show wide discrepancies. Some of the 
reasons for these discrepancies were cited earlier. 
Turner and Hewitt (1959) and Gelbe (1968) 
showed that the liquid retained in a packed bed should be 
depende nt on the Eotvos number, which represents the 
ratio of gravity to surface tension forces. Van Swaaij 
et al (1969) showed that a reasonable correlation exists 
between hS and Eo, and confirmed GeIbel s proposal that 
hS is independent of Eo for Eo < 10; Gelbe (1968) states 
that, at low values of Eo, "the absortivity imparted by the 
capillary forces to the packed bed is greated than the bed l s 
real holding capacity. II 
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The amount of liquid retained in a bed can 
also be predicted from the work on residual saturation 
of Dombrowski &: Brownell (1954), and can be used to 
estimate the magnitude of the end effect in beds of lower 
bed height. 
The abov e di SCtlssion r e fers to hS defined as 
the adherent hold-up. Gelbe (1968) ha s proposed a corre-
lation to predict hS a ssuming that it is flow rate dependent. 
His correlation results from an ana lysis of forces in con-
junction with nl e asurenlents of aclb e rent holdup. He 
proposes 2 diffe rent corr e lations, applicable to the 2 regions, 
Eo < 10, and Eo> 10. The corr elation however, is 
conlplicated, and still r e quires the use of sha pe factors. 
Qualitative ly, the correla tion p redicts values of hS decre a sing 
horn the valu e of adher ent holdup a t zero flow r a te to ~ero at 
a high enough fl o w rat e , and tha t v alues of hS a re lower for 
slnaller p a ckin g s. 
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2.5 MASS TRANSFER IN PACKED BEDS. 
The published investigations into mass transfer 
which have rel evance to this study, can be separated into 2 
categori es ; firstly, investigations into miscible displace-
ment processes, typic a l of which is the washing of filter 
cakes, and secondly, investigations into the conventional 
solid-fluid Inass trantlfer and gas absorption systems. 
Th e form e r work is concerned with the behaviour of the 
liquid pha se, and its effect on displacement efficiency, 
while the latt e r aspect is directed more towards evaluating 
overall rates of Inass transfer. Both aspects are of 
interest, and are discuss e d in turn. 
2. 5. 1 Liquid-liquid Displa c ements. 
The wOl'k de scribed in s ction 2. 3 concerned 
the behavioul' of liquid flowing through porous media. This 
section concerns studies which cOlnpl ement those of section 
2. 3, in that th e y consider the effect of the liquid behaviour 
on washing processes in packed b e ds. 
The earliest attempt at a mathem.atical repre-
sentation of the mass transfer between a filtrate and a per-
colating wa s h liquid in a filter c a. ke was reported by Rhodes 
(1934). He proposed that removal of filtrat e occurs in 2 
stages; firstly a rn echanical displacement, followed by a 
period of 'diffusion washing'. For the second stage, he 
as sumed th e effluent concentra tion to be proportional to the 
concentration in the c a ke at that time, which] eads to a 
simple exponential decay for the exit concentration. This 
fits his experimental data well. Under the conditions of 
his t e sts, it was found that the 'equilibriUln constant' is 
in fact constant, independent of flow rate and cake thickness. 
Apart froHl this pur e ly empirical approach, 
other investigators have utilized the disperSion model (sec-
tion 2.3.2), exchange with stagnant liquid regions (section 
2.3.5), or a combination of the two, to describe extraction 
behaviour. 
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Kuo (1960) assurned that the solute in a filter 
cake rernains in a uniform stagnant filn1 on the surfaces 
of the channels throu gh which th e wash liquor flows. He 
propos e d a model bas e d on plug flow of the wash liquor, 
with continuous mass exchang e b e tween wash liquor and 
stagnant film. Th e model is similar to that proposed by 
Hochman and Effron (1969), r epresent e d by equations (2.8) 
and (2.9). The model predictions were compared with 
some of Rhodes' d a t a , with satisfactory results, and is a 
mor e e legant tr eatln e nt. Ho\v e ver, insufficient results 
are given to show h o w th e Inod e l parameters are affe cted 
by the conditions of ",,' ashing. 
A simila r model w a s proposed by H a n and Bixler 
(1967), but assum e s instead th a t t h e sta gn a nt liquid is re-
tained in b E nd side - channels b e tween p ;H ticles. l'vfass trans-
port betwee n the;3 e channels and the Hlain flow channels is 
specified t o occur strictly by molecular d i ffusion. This 
leads to the follow i ng diffe rentia l equat ions: 
where 
oC 
o t + U 
N = D 
m 
o C = a N o z 
C' 
x 
x = 0 
(2. 10) 
(2. 11) 
x is the co-ordinate in the direction of the channel, and a here 
represents the area of the side channe ls in the walls of the 
straight channels. N is e valua t e d from the equation represen-
ting diffusion in the side channe l: 
o C' 
o t = D m 
(2.12) 
This model, however, requires a strict definition of blind side 
channel geometry, as well as values for a and the length of the 
s ide channels. The latter were estin1atcd from residual satu-
ration nl.casurements . 
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Han (1967) extended tbis washing theory to include 
the effects of porosity of the solid particles as well as side 
channels. Again molecular diffusion is assum.ed as the n1ass 
transfer mechanism; in this case, N in equation (2.10) also 
includes diffusion from spherical pa r ticles, with an effective 
diffusivity lower than that in the side channels, because of the 
tortuosity of the paths within the particles. 
An approximate solution by numerical inversion 
of Laplace transforms vIas obtained, but no experimental data 
were obtaine d. The model predicts a longer washing time for 
a low effective pore diffu sion coefficient, quicker washing with 
smaller particles (a smaller diffusion path length), and quicker 
washing for highly porous particles (larger surface area of pores). 
The dispersion model w a s used by Dobie (1962) to 
represent experilnental data on srnall scale tests on the 'washing 
of filter cakes. He considered the cake as a bundle of capilliaries, 
all of which are accessible to wash liquor. Axial dispersion occurs 
in flow throu gh these capillaries, represented by equation (2.4). 
He show e d that for the case of the a x ial dispe r sion coefficient 
tending to infinity, the exponential decay of effluent conc e ntration 
predicted by Rhodes (193 <1 ) obtains. However, it appears that 
the dispersion rJl.odel provide s a far Ie s s satisfactory repre s entation 
of washing performance. 
Sherman (1964) studied the washi ng o f diacetyl from beds 
packed with glass spheres, non-porous dacron fibres, and porous 
viscose fibres. The a x ial dispersion model was applied to data for 
the fir st 2 packings, and the values o( the dispersion coefficient, D, 
were obtained from the best fits of m.odel to data. It was found 
that for a particular bed, D/U is constant, but that different fibre 
beds, with the same fibre diam.eter, led to widely differing values. 
These variations are attributed to differences in packing or forma-
tion of fibre beds, and it appears that fibre diameter does not 
define a bed of fibrous lnaterial. Thus a cOlllparison between beds 
packed with spheres and ·with non-porous fibres shows that the same 
mechanisms of fluid dispersion apply, but that values of D/ U behave 
unpredictably in fibre beds. 
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Tests on viscose fibres were undertaken to 
investigate the effects of porous fibre structures. It was 
assumed that diffusion of diacetyl within the fibres is rapid, 
and that equilibrium between fibre and solution exists. 
For this case the term 
£f (l-d 6C 
£ 6 t 
was added to the left hand side of the dispersion model, 
equation (2.4) wh e re E:f represents the fibre porosity. 
The solution to the equation was shown to be capable of 
describing experinl.cntal results at low flow rates only. 
At high e r flow rates, the assurnption of equilibrium breaks 
down, as the di ffusion within the fibres is not fast enough 
for the rapid conc: e nt ration changes in tile surrounding 
solution. In this case, tailing of the e fflu ~nt conc e ntration 
is evident, even over the short washing tinles involved. 
An investigation into the displac ement of calcium 
chloride by a sodiUl1l. chloride solution from cores of sand 
particles is reported by CDats and Smith (1964). They 
employed the axial dispersion rnodel, with a llowance for 
stagnant zones, to represent measured effluent concentrations. 
They assulned a first order transfer process betwe en stagnant 
and flowing liquid. The differential equations are similar to 
those of Kuo (1960) and Hochmzm and Effron (1969) but include 








Value s of <p were found to be of the order of 





Coats and Smith showed that if the stagnant zone s 
consist of resevoirs of volurne V s , joine d to the flow region 
by a neck of length 1 and cros s - section A, then 
k = 
(l-¢)~. 
V s 1 
They showed, too, that if the mass transfer process is 
assum e d to take place frorn a film on the pore walls, as 
assum e d by Kuo (1960), th e n the thickness and diHusivity 
indic a t e that diffusion from th e film '.vould be virtua lly 
ins t a ntaneou s. 
In surn.m.ary, the work d es crib e d above 
demonstrate s that th e dispe r sion model a lone is incapable 
of representing washing proc e sses, unl es s some allowance 
(2. 15) 
is l1iade for exchange with s~agnant liquid zones. The nlOd c l 
propos e d by H an and Bixler (1 9 6 7), as suming exchange with 
blind side -channe ls, appears to be generally successful in 
describing wa s hing of b e ds of solids, on the basis of com-
pari s·on with a \vide r a nge of experini enta l data. This 
reinfo rc e s th e conclusions of section 2.3.7 that the 
capa cita nce effe ct due to stagnant liquid has a g reater effect 
than axial dis pe rsion . However, Coa ts and Smith (1964) 
point out that while the fact that a capacitance model matches 
data better than the dispersion model does not Iprove l the 
existence of stagna nt liquid volume, it indicates that the 
c a pacita nc e conc e pt is capable of explaining obs erv e d 
experim e ntal b ehaviour. A niore detailed investigation into 
the niodel pararneter behaviour is n e cessary to verify whether 
such behaviour is consistent with the implications of the 
capacita nce rnod e l. The impulse-response mea s urements of 
Villcrmaux and van SwaClij (1969) described in section 2.3.5 
do however provide strong evidence in favour of the validity 
of the capacitanc e concept. 
2.5.2 Mass transfer rates. 
In order to correlate mass tranfer rates between 
a fluid and a solid in a packed bed, use is often made of the 
dimensionless parameter, JD' It has been found that for mass 
transfer in packed beds, 
-n = A Re (2.16) 
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Values of n between 0.2 and 0.7 have been 
reported (Er gun, 1952). The jD factor may be written 
as: 
Sh 
Re Sc 1/3 
so that equation (2. 16) may be re-written as 
Sh 
1-n 1/3 
= A Re Sc 
which is a more convenient fonn for the purposes of 
this discus sion. Sh, Re and Sc are dimensionles s 
numbers defined in the Nomenclature. 
The jD factor was introduced by Chilton and 
Colburn (Er gun, 1952) who extended the Reynolds analogy 
betv;,reen heat and rnOITlenturn transfer to include Hlass 
transfer. This is based on a continuous fluid phase; 
however in a bagas se bed, liquid flows in fihn flow over 
the particles below flooding conditions, while even in a 
flooded bed, it will be shown that the existence of a 
significant amount of air trapped within the bed precludes 
the applicability of the jD factor. 
Another packed coluITln operation, gas -liquid 
absorption, can be turned to as a source of a large voluITle 
(2.17) 
(2. 18) 
of work on ITlass transfer. The liquid-phase hydroc1ynaITlics 
parallel ITlore closely those expected in an irrigated bagasse 
bed. In both cases, the ITlass transfer rate is expected to 
be a cOHlbination of a rate terrn and a ITlas s transfer area. 
However, gas absorption deals with Hlass transfer at a gas-
liquid interface, while sugar diffusion involves ITlass transfer 
between a solid and a liquid. The usc of the jD factor in-
volves evaluating the total packing surface area as the mass 
transfer area, but if stagnant liquid regions are present in 
the packing, the effective ITlass transfer area ITlay be reduced. 
In this respect, the effective interfacial area for gas absorption 
makes allowance for ineffective stagnant regions, and so this 
area and the effective transfer area in sugar diffusers may 
manifest similar behaviour. 
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The conventional picture of lTIass transfer through 
a stagnant liquid layer at a lTIass transfer interface has been 
largely discarded, and replaced by the penetration theory of 
Higbie (1935). This was developed for the case of absorption 
in a packed tower by Danckwe rts (1951). Davidson (1959) 
has suggested that Higbie's theory is lTIore plausible than the 
stagnant fillTI theory for a nUHlber of reasons. In particular, 
this theory predicts that th e lTIass tr a nsfer coefficient is 
proportional to DlTI 0.5, which is clos e r to experilTIental 
findings than the linear dep e nd e nce on DlTI ilTIpli e d by the 
stagnant fillTI theory. In e s s ence , Higbie's theory pictures 
lTIasses of fluid lTIoving to th e transfer surface, exchanging 
lTI a s s at the surfa ce, aEd th en Inixing with the bulk of the 
fluid, so that a continuous r e n e wal of the surface fluid 
occur s. 
Both Davidson (1959) and NOl'lTIan & SalTIlTIak (1963) 
showed that this theory leads to a dilTIensionless relationship, 
which can be exp r essed as: 
Sh = A Re 1/3 1/2 1/6 Sc Ga 
where A is a constant. 
In g e neral, it is found expe rilTIentally that the 
exponent on Re is highe r. SelTIrnelbauer (1967) reviewed 
available correlations for liquid-pha s e mass transfer, and 
arrived at the following relation: 
Sh = A ReO' 59 SeO. 5 Ga 0.17 
(2.19) 
(2. 20) 
where the value of A depends on the type 
of the exponents are "prefe rred values", 
of available published work. 
of packing. The values 
based on consideration 
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Although the initial applications suggested for the 
penetration theory were limited to rnass transfer at a gas-
liquid interface, it has also been suggested that the mechanism 
represents transfer in a fluid adj~cent to a solid-liquid interface. 
Thus Johnson &. Huang (2956) measured rates of solution of 
organic solids in an agitated vessel, and found that an equation 
similar to equation (2. 18) could be applied to the re sults, with 
the exponent on Sc varying between 0.42 and 0.53. Hanratty (1956) 
likewise applied the penetration theory to m.ass transfer between a 
solid waH and a liquid in tube flow, and found it could be used to 
represent mass transfer rates. 
This is unexpected, since a condition for the 
applicability of the theory as given by Danckwerts (1951) is 
that the depth of penetr a tion of liquid is less than the depth 
at which the velocity is appreciably different from that at the 
surface. This condition is a good assUlnption at a gas-Equid 
interface, where the velocity gradi " nt is sm.all. However, the 
velocity gradient has its maximum vaJue at a solid surface, and it 
is unlikely that this condition is complied wi tho 
Kramers &. Kreyger (1956) studied mass transfer 
between a solid surface and a falling liquid film. From their 
analysis, it is expected tnat the rnas s transfer coefficient should 
be proportional to Dm 2!3, which is also suggested by the jD 
correlation in modifi e d form,equation (2. 18). 
The discussion thus far has neglected the lnaE:S 
transfer area, which is generally cOlnbined with the rate 
coefficient to yield an overall rna s s transfer coefficient. Shulman 
et al (1963) showed that differences in measured mass transfer 
coefficients obtained for vaporization and gas absorption in packed 
columns could be explained in ternlS of different effective mass 
transfer areas in the 2 cases. They showed that the ratio of the 
areas approximates to the ratio hT!hD; the effective interfacial 
area in gas absorption in the absence of chemical reaction is 
postulated to be lower due to the presence of stagnant liquid regions. 
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Semmelbauer (1967) reviewed published investi-
gations into the effective interfacial area for gas absorption, 
a e , and arrived at the following relation: 
= A 
0.455 
. Re Eo O. 5 (2.21) 
The overall liquid phase mas s transfer coefficient is then the 
product of a e from equation (2. 21) and k from Sh in equation 
(2.20). 
Values of a e and the total wetted area, a w , are 
significantly different, with the difference more pronounced with 
smaller packing elements (Davidson, 1959). This can be 
attributed to surface tension forces, which are able to retain 
more liquid between sm.aller packing elements, resulting in 
incre a sed total wetting but decreased valued of a e . Both areas, 
a w and a e , increase with flow rate; however the ratio awl aT 
is greater for smaller packings, while a e I aT displays the 
opposite trend. This is due to the surface tension effect mentioned 
above, and is accounted for by the inclusion of Eo in equation (2.21). 
A number of published measurements of values of 
a w I aT are summarized by Onda et al (1959). It appear s that 
these values show roughly the same dependence on flow rate as 
value s of a e I aT' However, in considering the total wetted ar ea, 
some account should be taken of the extent of stagnant liquid 
regions, which contribute to the observed total wetting, but may well 
decrease the overall rate of mas s transfer. 
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2.6 SOLID - LIQUID EXTRACTION STUDIES. 
Since sugar diffusion has relatively recently 
been applied on a wiele scale, little work has been reported on 
the m e chanism of extraction of sugar froln cane or bagasse. 
However, publish e d work on the older types of solid-liquid 
extraction processes provides some insight into the mass trans-
fer processes involved in extraction frOln materials, which like 
cane, are of vege table origin. The recovery of oil from nuts 
and seeds by extra ction procc s se s was the forerunner of both 
beet and cane diffusion systen') s. A large volume of published 
literature exists on the solvent extraction of oilsecds and also 
the extraction of suga r from beets; this section is concerned 
only with studies of a fundam e ntal nature aimed at elucidating the 
mechanism of extraction of a desired solute from, a material of 
vegeta ble origin. 
2. 6. 1 One Dime n sional N on- stationa r Diffusion Froce s s. 
Most studies of int e rest have used as a starting point 
the theory of diffusional pro ' es ses, based on the cliHerential 
equation: 
o c 
= o t 
2 
<5 c 
DIn 87- (2.22) 
For conditions of constant diffusion coefficient Dm , uniform 
initial concentr a tion Co in th e solid, uniform thickness 1 in 
the x direction, and extractkn to an extract of constant concen-
tration, c 1, this equation can be integrated to give (Osburn & Katz 
1944): 
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(2n + 1)2 
(2. 23) 
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where c represents the average concentration of solute In 
the solid. 
In order to represent diffusion through a porous 
solid, the following conditions must be satisfied for 
equation (2. 23) to be valid: 
1. Diffusion occur s only in the x direction, 
i. e. the thickne s s of the solid, 1, is very 
small in relation to the surface area. 
2. The concentration in the extract is con-
stant and ulliform .. 
3. The initial solute concentration in the 
solid is uniform. 
4. The medilffii through which diffusion 
occurs is hOlTIogeneous and isotropic. 
5. The porou s solid structure is rigid and 
inert. . 
In addition, Dm should be replaced by an "effective'; 
diffusivity, or the diffusion coefficient modified to take into 
account the interference of the solid structure and the tortuosity 
of the diffusion paths. 
The series given in equation (2.23) converges 
rapidly, and it has been shown that for values of the left hand 
side of this equation < 0.7, all t e rms other than the first can 
be neglected (Osburn & Katz, 1944). 
2.6.2 Extraction of Oil from Seeds and Nuts. 
Fan et al (1948) studied the extraction of oil from 
peanut kernels, using 2 different hydrocarbon solvents at 
room temperatures. After less than 30 Diinutes extraction 
time, a linear plot of log extrclction against time Was obtained, 
and assuming that only the first term in equation (2.23) is 
significant, Dm was evaluated from the slope. It was 
found that higher values of Dm \vere obtained with the lower 
viscosity solvent, and that high Dioisture contents led to 
lower values of Dm' 
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Their results showed higher extractions than are 
expected from equation (2.23). The discrepancy was 
explained by two factors. Firstly, because very thin slices 
were used, the ruptur e d cells on the surface constituted 
roughly 20% of the total cells, and it is supposed that the oil 
from the s e cells is washed out relatively easily. Secondly, 
the differ e nce between theory a nd experiment was found to 
be greater with low lTIoisture conte nts; it is postulated that 
in these cases, moisture has e v a porated and left void spaces 
in the kerne l. When contacted with solvent, solvent flows 
into these spaces, dissolves sonl. e of the oil, and consequently 
r e duces the oil concentl·ation. Whe n these 2 factors are taken 
into account, reasona ble agre e nl. e nt between theory and 
experiment is obtaine d. 
King and co-worker s (1944) studied the extraction 
of oil from soybean fl a kes, of diffe rent size and thickness, 
using trichl orethylene as solvent. Addition~l data wer e 
obta ined on extraction from porous plates previously soaked 
in soybean oil; the porous pIa te d a ta was found to agre e with 
diffusion theory, unlike the soybe a n flake da ta, which could 
not be r e pres e nted in this way. This is not unexpected, 
since the fla k e s wer e n e ithe r uniform nor hOluogeneous, nor 
of the same size and shape, and contained both ruptured and 
unruptured cells. 
This problem was take n further by Osburn &. Katz 
(1944). They started with e quation (2.23) and conside r e d the 
effect of diffe rent shape s and structures on the shape of the 
extraction-time curve. They found that a curve representing 
extraction from a material having two differ ent but constant 
diffusivities (from different part s of the solid), or from a 
cOlubination of two different thickne sses, could represent 
soybean extr a ction data satisfactorily. The data of King et al 
(1944) w e re a nalysed on the basis of two different but Con-
stant diffusivities; it was found that 70 to 90% of the oil is 
extracte d with a diffusivity 4 to 9 times greater than that 
corre sponding to the remaining fraction. As the flake 
thickness was increased, the fraction extracted with a 
higher diffusivity decreased, and both diffusivities tended 
to increase. 
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If the explanation is in terms of differing thickness, 
this implies that 10 to 30% of the material has a thickness 
three times the nominal diameter, which is not physically 
realistic. They conclude that the explanation is on the basis 
of two differing structures within the flakes, oil being more 
easily extracted from one than the other. They state that 
2 different structures are not observable in the flakes, but 
an explana tion on the basis of ruptured and "tll1ruptured cells 
seems plausible. 
This interpretation in terms of the physical 
structure a ppears realistic, but a theory for ideal conditions 
of diffusion does not strictly apply in this case, because of 
the non-uniform size s and structure of the Inaterial. 
Osburn & Katz (1944) in fact show that when the thi.ckness of 
the D1aterial is not uniform, it is incorrect to use an average 
value for the thickness. These non-idealities must influence 
the values of the parameters obtained. 
A sil-nilar study to that of Fan et al (1948) was 
carrie d o·ut by Krasuk 8..: co-workers (1967) on the extraction 
of oil £rorn tung seeds. They employed thicker slices so 
that the effect of ruptured cells was negli g ible. They found 
') 
extracti.on to be a func tion of t/1 L. , but experimental data did 
not follow equation (2.23) satisfactorily , particularly at lower 
tem.perature s. Good agreem.e nt with experim ental data was 
obtained by solving equation (2.22) numerically, assuming 
that Dm is not constant, but is given by: 
Dm = 
\-vhere Co refer s to the initial concentration of oil in the 
tung seed. 
(2. 24) 
Values of Do and k were found by comparing 
experimental data with the theor e tical solutions. Tempera-
ture wa.s found to have a marked effect; at higher tempera-
tures, Do is higher, and k lower, indicating a closer approach 
to constant diffusivity at higher temperatures. The implica-
tion of this model is that extraction becomes slower as 
-
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extraction proceeds. Although the model does not give 
any insight into the mi croscopic proces se s occurring, 
the author s propose that the concentration dependence 
of the diffusivity may occur if the concentration is not 
representative of the number of molecules able to 
migrate, or if a non-linear adsorption process occurs. 
The latter explana tion is supported by the closer approach 
to the diffusion theory at higher temperatures. 
It was found that the nature of the solvent used 
had no effect on the extraction. This independence of 
extraction on the diffusivity in the liquid phase is taken 
to indicate that the difficulty with which oil diffuses across 
cell walls controls the extraction process. Krasuk et al 
show also that their model can a dequately represent the 
experimental data of Fan et al (1948) and King et al (1944). 
2. 6. 3 Extraction of Sugar F rOIn Sugar Beet. 
A compr e hensive study of the extraction of 
sugar from sugar beet has be e n made by Bl'llniche -Olsen 
(1962). A description of the structure of beet tissue is 
given and h e points out that diffusion of sucrose from beet 
is impossible until the protoplasm which lines each cell is 
de-natured by heating to elevated temperatures. This so 
called "l-:::illing" proc e ss was investigated by lneasuring 
diminution in volume and electrical conductivity of beet 
in order to follow the process. At temperatures of 80
0
C 
and above, this process occurs rapidly, but at lower 
temperature s the proce s s tak e s longer. The conditions 
of the experiments are such, however, that it is difficult 
to separate the effects of tim.e required to heat the b e et 
to the required temperature and the time required to effect 
the change. This is brought out by the fact that the two 
methods of studying the de - naturing proce ss indicate differ ent 
time requirem.ents. The de-naturing process occurs at 
temperatures as low as 40
0
C. but at a very slow rate. It 
is also shown that certain substances such as carbon tetra-
chloride, chloroform and fonnalin can also "kill" the cells, 
but not as efficiently. 
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B runiche - Olsen employed equation (2. 23), 
introducing an effective diffusi vity, q I Dm_' whe re q I 
is termed the coefficient of inhibition, and Dm is the 
molecular diffusi vity in water. The value of q I was 
determined by following the diffusion through a section 
of beet tissue separating 2 sucrose solutions of different 
concentrations. Values of ql were found to vary 
between 0.5 and 0.7, the variations being attributed to 
differences in the structure of different beets used in 
the tests. 
The extraction of sugar frOlTI disks of beet 
was studied, the disks having large end surface areas 
in relation to their thickness, in order to be able to use 
equation (2. 23). Extraction to solutions of constant, 
decreasing and increasing concentration were studied; 
only the first case will be considered here. 
The initial period of extraction was neglected, 
so that only the first term of equation (2.2.3) need be 
considered. Then: 
c c 1 







q I Dnl 7T t 
2 1 
2 2. 
The quantity q' D rn 7T /l was termed the "coefficient 
of extraction", de signated as k. Introducing k into equation 
(2.25) leads to: 
c - c 1 
Co - c 1 
= 8 -;r-
1f 
exp (- kt ) 
:Q.fferentiating both sides of this equation with respect to t, 
remembering that Co and cl are constant, leads to the 
following result: 
d C 
d t = 
The correspondence between this "coefficient of extraction" 





At longer times, when equation (2.26) holds, 
it can be seen that log 
c - q 
should yield a straight 
Co - cl 
line when plotted ag-ainst time, of slope -k, and intercept 
log (8/ /-). which provides a test of the diffusion theory. 
It was found that significant variations in 
conce ntration in different parts of the beet existed before 
experiments were started, in which case agreement be-
tween theory an.d experiment was poor. This was overcome 
by fir st soaking the beets in juice of approximately the san1.C 
concentration at 75 0 C, which had the double effect of 
equalizing initial concentrations and 'killing' the cells. A 
requir ement for the applicability of equation (2. 23) and hence 
equation (2.26) is that this concentration, co' is uniform. 
However, the equalizing of initial concertrations eliminate s 
one of th e factor s which would influen ce beet extraction 
results in practice. 
In this case, after 10 minutes a straight line 
on a semi-log plot was obtained, whose slope determined 
the value of k. However, extrapolation of the straight 
line back to t = 0 does not yield a value of the intercept 
indicated by equation (2.26), and so the applicability of this 
diffusion theory must be in some doubt. 
The values of k obtained showed variations of up 
to 30%, which are again attributed to natural variations 
found in different beets. Values of q' were found to lie 
between 0.45 and 0.6, sOlnewhat lower than obtained by the 
other Inethod, and to be independent of temperature. Values 
of k were found to be roughly 3 times those obta~ed at 23 0 C. 
The results showed that k is proportional to 1/1 only for 
1>5 mm. An approxinlate analysis, somewhat similar to 
that of Osburn & Katz (1944), was proposed to explain the 
deviation from theoretical behaviour. This analysis 
assunled different values of q' for par enchyma cells and 
vascular bundles, to account for the apparent fall off in 
rate at higher extractions. 
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Yang & Brier (1958) rul e d out the application 
of this theory for use with sugar beet due to the non-
uniform structure of be e t. It appeilrs that, in Bruniche-
Olsen I s t es ts, this non-unifornlity only manifc sts itself 
in thinner beet slices. 
Although be e t disks are sometimes used in 
industrial applications, cos e ttes of less regular shapes 
are gener a lly used. Bruniche-Olsen (1962) also reporte d 
tests on this material. Slightly different extraction 
behaviour was evident, in that th e d a ta yield e d a linear 
r e lation on a semi-log plot only a t rrlUch longer time s. 
Bruniche-Olsen showed that a linear combina tion of 2 
e x ponential terms is capable of repr e senting this behaviou r . 
This assumes the be e t cost-,ties to b e divided into 2 frac-
tiOllS, each having a differ ent value of k, which is 
attributed to differenc es in cos ette thickness. 
Schneider e t a l (1970) us e d the sarD.e approach, 
utilizing equation (2. 23), but assurned 3 diff e rent fractions 
within the cosettes, each having a different value of k. The 
variations in k are attributed by the se authors to the 
inhomogeneity of th e b ee ts. Yang & Brier (1958) pointed 
out that up to 18% of the b e et cell s a r e ruptured in the 
preparation of the cos e ttes, which a lso contributes to the 
non-unifonnity of b ee t cosettes. 
Recently, Rathje (1968) suggested that the 
extraction of sugar fr orn beet do e s not occur by diffusion 
down a conc e ntration gradient, but by II exchange of 
liquid". He mainta ins that wate r is drawn into the cells 
by OSInosis, which effectively pushes the sucrose molecules 
out of the cells. Various exp e rim e nts are described which 
support his views, showing that diffusion due to the randorn 
motion of mol e cules is a much slowt-~r process. However, 
both m e chanism s mus t be depend e nt on the concentration 
difference . as the driving forc e for mass transfer. 
2.6.4 Discussion. 
Diffusion under ideal conditions which leads to 
equation (2. 23) cannot generally be applied to extraction 
from vegetable matter. The requirements of this diffusion 
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theory imply uniform jniti~l concentration of the solute in 
a uniform, homog e n e ous material. Extraction from soy-
bean flakes and tung seed show diverge nc e from the theory, 
and extr a ction from beet obeys the theory only if the non-
uniform initial sugar conc e ntration is rnade to be uniform. 
Even so, thinner b ee t slices show a structure depe ndence 
which pr e cludes the application of this th e ory. 
Howeve r, the results reviewed here show that 
a 3 par a meter mod e l can adequate ly d e scribe extraction 
from these mate ri a ls. This mod e l is obtained by 
as surning that extr a ction occur s from 2 p a r a llel zon e s, 
each h a ving a diff e r e nt effec t i ve diffusivity (the s a me 
result i s obta ine d b y a ssum.ing that extraction occurs 
from m a terial of 2 different thic kness e s (Osburn & Katz 
1944) ). Krasu k e t a l (1967) hav e shown tha t the 
as sumptio n that DIn is an expon e ntial func tion of con-
centrati on leads t o es sentially the same results. These 
model s hold wh e th e r there is obviously a differ e nc e in 
structur e in the rn at e rial (eg. ruptur e d a nd un-ruptured 
cells) or not. Thus eithe r non-uniform initial conc e n-
trations, or non -uniform rnicr 0- s tructure s, or both, 
affect extr a ction re s ults. 
Further, it app ea rs to be a cha racteristic of 
vegeta ble matt e r tha t the sanl e material obta ined from 
different plants di s plays significant differences in struc-
ture, which introduc e s scatter into m easurements of 
extraction. Th i s was d e mon s trated with tu.ng seeds 
(Krasuk et aI, 1967) and sugar b e et (Bruniche-Olsen, 1962). 
2. 7 EXTRACTION IN THE SUGAR 
DIFFUSION PROCESS. 
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There are at pre s ent at least 6 different types of 
diffuser commercially availabl e , the majority of which involve 
flow of liquid by gravity through a bed of bagasse. A large 
volume of literature on diffu s ion has been published, most of 
which reports pla nt operating results and mechanical details 
of diffe rent installations. Some widely divergent views have 
been presented, which hav e in som.e cases been generated by 
misconc eptions r e g a rding certa in aspects of the diffusion 
proces s. 
The objective of this review is to attempt to 
identify those factoj's which influence the perfOrlYlcU1Ce of 
diffusers, and to elucidate the basic rncchanisrns operative. 
Thus this section concerns work of a nJure fundamental 
nature. 
2. 7. 1 Effect of Structure of Cane a nd Bagasse. 
Considerations of the structure of the material 
involved can be used as a gui d e to possible extraction mechan-
isms. The non-uniform structure of cane was discussed in 
section 2. 1. This has a direct influenc e on mas s transfer 
rates; Bruniche-01s e n (1969) has shown that the effective 
diffusi vity of sugar in a direction parallel to the cane axis is 
roughly 1.5 to 2 times that in a direction perpendicular to the 
cane sta lk. He showed also that the rate of diffusion in cane 
is roughly 1/3 of that in b e e t , s o that if extraction were to be 
effected solely by molecular di ffusion, the time requirement s 
to achieve an accepta ble extra c tion would be prohibitively long. 
Briiniche-01sen (1969) reported that sugar cannot be 
extracted from intact cells in cane, unles s the cane is heated to 
elevated t emperatures. This leads to a de-naturing of the proto-
plasm lining each cell, thus rendering the cell wall permeable to 
sucrose molecules. The telnperature and tiIne requirements to 
effect this change are similar to those found for beet, described 
in greater detail in section 2. 6.3. 
Because diffusion in cane is a slow process, the cane 
is subjected to a cane preparation step prior to processing, 
involving knifing and shredding or milling. This serves the double 
function of breaking the cane into small pieces, and rupturing a large 
proportion of the juice-bearing cells. A considerable amount of 
this juice can then be removed by mixing with water, which is the 
basis of the DI test. For first mill bagasse, a DI of 
roughlY 64 (Markham, 1969) indicates that up to 64% 
of the juice can be easil..y rerrlOved. The remaining 
juice is not accessible to the vlashing liquid. 
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Elzeini (1965) reported that after passing 
through 2 mills, roughly (0 to 16% of the parenchyma 
cells are intact, and since they are weak-walled cells, 
a larger proportion of the tou.gher -walled sclerenchyma 
cells rnust rem.Clin undamaged. This indicates that a 
significant fraction of the juice can only be extracted by 
diffusing through cell walls. Further, the slow approach 
to equilibrium indicated by DI te sts (Markham 1969) 
indicates that a significant amount of the juice exists in 
broken cells, which rnust b, located in the interior of 
particles, since this juice is not re a dily accessible to 
a washing liquid. 
2.7.2 Experience "J"ith Full- scale Diffusers. 
Two modes of operation arc possible, with or 
without a mill before the diffuser. In a number of 
countries, including South Africa, cane payment: is based 
on the analysis of juice expressed in the first mill, so that 
at l e ast one mill before a diffuser is mandatory. This has 
the advantage that roughly 60% o:f the sugar is extracted 
prior to the diffusion stage, and so exposes less of the total 
sugar to inversion or other losses within the diffuser. 
Undoubtedly, however, the lowe r co st of purchasing, running 
and m.aintaining an extraction system without a first rnill 
is attractive, even though a slightly longer diffuser is required. 
Preparation has been recognised as a rnajor factor 
influencing the per:formance of diffusers. The degree of pre-
paration determines what fraction of the cells is ruptured, and 
this dependence infers that efficient extraction is dependent on 
eHicient washing. For diffusion without a first mill, Payne 
(1968) has stated that a Dr o:f at least 94 is required, in order to 
achieve an extraction of 97% or more. This naturally requires an 
intensive cane preparation operation. With such a high propor-
tion of broken cells, a washing-displacement process is undoubtedly 
the major mechanism. But some extraction by diffusion must occur 
in order to achieve high extraction value s. 
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Although roughly 60% of the sucrose in cane is 
expressed in a first mill, a DI for first mill bagasse of the 
order of 65 suggests that extraction by a diffusional mecha-
nisJll must playa more irnportant role. In both cases, 
since diffusion is a much slower process, it is probable 
that extraction by diffusion determines the overall extraction 
achieved (Buchanan 1968). Buchana n (1968) has pointed 
out that extraction by diffusion involves not only transfer 
through intact cell walls, but also molecular diffusion down 
a concentration gradient through broken cells within the 
p a rticles. 
In practice, the degr e e of preparat ion cannot be 
widely varied without seriously j e opardizing the juice flow 
system in a d i.ffuser \vhe re liquid flow occur s by gravity. 
In p a rticula r, finer preparations limit the maxirnurn liquid flow 
through the bagasse. Control action has usually been to limit 
the d e gree of cane prepcn:ation. In view of the importance of 
cane preparation, it might be more beneficial to rearrange the 
juice flow syst e m where possibl e to a CCOD1Jlloda te a finer pre-
paration. Tanta wi (1964) reported that: the p e r c olation rat e 
is higher throug h crushed than shredded cane; however P ayne 
(1968) has state d that shr edded c a n e: produces a more open 
permeable bed. 
Payne (1968) is of the opinion th a t the bed shou ld 
not be disturbed at all for optimum displacement efficiency, 
so that a rninirnum of Hlixing betwee n static and dynamic juice 
occur s. However, B riiniche -Olsen (1966) states that intimate 
m.ixing between juice and bagasse is necessary to ensure high 
extraction efficiencies. 
Cane quality has been widely recognis e d as a fa ctor 
influe ncing extraction. In particular, the response of different 
canes to the sarne methods of preparation leads to prepared 
bagas se of different characteristic s. 
Two recent paper s by van del' Rict & Renton (1971) 
and Foster & Shann (1971) provide excellent reports of operational 
problems encountered in full- scale diffuser operation. 
Apart £rOITI preparation, the effects of other primary 
variables cannot be eva.luated on the plant scale. The controlled 
conditions of pilot plant experiments are required to demonstrate 
these effects. 
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2.7.3 Pilot Plant Investigations. 
One of the earlie st r eported inve stigations into 
diffusion is that of van dey Pol & Young (1957). They 
attempted to evaluate a II diffusion c onstant l', based on Fick IS 
law, but found in fact that this qnZlntity was not constant, but 
varied with time. 
Payne (1960) first showed that extractions better 
than or comparable to those obtaine d by milling are possible 
by diffusion; a pilot plan t processing 20 tons cane/hour 
yielded figures for cytraction of about 97%. Again, prepara-
tion was found to be th e principal factor influencing extracUon; 
the effect of imbibition rate was over shadow d by the degree of 
preparation.. He l' p orted labor, tory tests which showed that 
juice in broken cells is easily extracted by a simple washing 
process. 
Bri.inich e ··Ols en (1969) r eported some inve stigations 
into extraction from crushed cane to an extr a c t of constant 
concentrati on. He utili ze d the same equation (2. 2.7) as for 
his tests wit h beet described in section 2.6.3. However, it is 
unrealistic to expect t11e diffusion t}l(~ ory, on which this equation 
is b a sed, to hold for a material as inhOlTlogeneous as crushed 
cane. Equation (2. 27) could in thi s case be considered as an 
empirical d e finition of th e coefficient of extraction, k. In the 
event of the inapplicability of the diffusion theory, k does not 
characterize the extraction process; it represents only the rate 
of extraction at longer tilnes, and an estilnation of the extraction 
achieved cannot be obtained. 
The value of k was obta ined fr01n the slope of the 
concentration-tiIne curve on a selni-log plot, although the period 
over which a linear relation was obtained is not reported. It is 
shown that periodic com.pression of the particles during extrac-
tion increases the value of k; this is explained by the fact that 
sorne juice is expressed from the particles and replaced by more 
dilute extracting liquor. A certain amount of scatter in the values 
of k obtained is ascribed to the natural variations found in a plant 
product. 
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B runiche - Olsen (1969) also pre sented an analysis 
to predict the extraction value s expected in a moving bed diffuser, 
which however is based on a number of dubious assumptions, 
not the l east of which is th e as surnption that percolating juice 
within a stage is fully mixed, ClllCl sO of constant concentration in a 
stage. The latter assurnption is ,tlso inh ere nt in an analysis 
by Buchanan (1968), who attempted to predict the numb e r of 
stage s r eq uired in a moving b e d diffus er by a McCabe - Thiele 
g:r aphical method which is normally used to predict the 
performan ce of a leaching batte ry. 
Foster & Hill (1966) reported the results of a pilot 
plant inv e stigation a imed at d et rmining the e ffect of primary 
operating variable on extraction. They sirrlulated the operation 
of a moving-bed di ffuser by pumping a nurnber of diffe r e nt 
volumes o f juice, of successively decreasing concentrations, 
through a fixed bed o£ fi r st mill bagasse. Th e bagasse was 
subse qu ently subj e cted to a l ab or a tory de-watering p res sing to 
reduce the bagasse rn.oistur e content to cornmonly encountered 
fina l bagasse value s . Their results were summari zed by 
expressing extraction frOlYl first mill bagasse, E, as a lTIdti-
linear regre s sion equation: 
E = 91. 2 - 3. 01 c1 PT + O. lOT + O. 185t (2.28) 
Here dPT represents an avcr ,lge particle thickness obtained 
from sieve analysis, defined by equ a tion (2. 2). T and t 
o 
represent t emp eratur e in C and time in minutes resp ec tively. 
This shows that cane prepara tion has the greatest effect on 
extraction. They s howe d also that, after the extraction proce s s, 
lTIOst suga r is contained in large r bagasse p art icles. Thus more 
efficient preparation should aim at reducing the maximum particle 
size, rather than r e ducing the average particle size. Their results 
also show that sieve analysis c an effectively be used to provide a 
measure of cane preparation. 
This work provides the only quantitative information 
on extraction. Extraction by a diffuser and de-watering lnill can be 
rcughly es timated, for similar typ es of cane, from equation (2. 28). 
However their results show only the overall effect of the 3 variables 
studied, and provide little insight into the fundamental process 
occurring. 
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Foster & Shann (1968) reported that liquid 
permeability is reduced in beds of finer bagasse. They 
showed tha t the maximum flow rat e displays a distinct 
dependenc ' on particle size, but r e ported that some c a ne s 
show unpredictable b e haviour. Significantly higher flow 
r a tes in shallower beels w eTe also observed. 
A comprehe nsive investigation into diffusion 
on a laboratory scale wa s reported by Bucha n a n & Jullienne 
(1969). Two different experimental test rigs were used; a 
well stirred vessel in which bagasse and wat e r were agitated 
together, and a 4" diameter colur-nn to take a fixed bed of 
bagasse. In both configurations, a closed syste rn was us e d 
with fixed batches of b agas se and water, so that extraction was 
gauged by the approach to equilibrium conditions. 
The colurnn dia mete r w a s small in relation to the 
size of the p a rticle s, so that the w a ll effect lYlentioned in 
section 2.3.6 must have been significant. This is substan-
tiated by the very hi g h flow rate s obta ined with thi s equipment. 
They found that extraction in colurnn oper3.tion was less 
eff i cient than in the fully-·mixed system. This is ascribed to 
channelling throug h the packed beel; l eading to II incomplete 
wetting". It is inconceivabl e tha t some of the particles 
remaine d unwe tted und e r their op e r a ting conditions of very 
high flow rate in a flooded bed from which all a ir had been 
displaced. Rather, low e r efficicnci s should perhaps be 
ascribed to less effec tive wetting of particle surfaces, on 
the basis of work described in section 2.5.1. 
Degree of preparation was again found to be the 
most important single variable. Higher t errlperatures were 
found to promote initial mass transfer rates, as well as 
overall extraction p e rformance. The effec t of tem.perature 
was reported to be more significant with coarser types of 
preparation. 
Buchanan Kr. Jullienne (1969) postulated that high 
rates of extraction obtained initially are rcpresentitive of a 
displacement process, but that the decreased rates of extraction 
in the .later periods are indicative of a diffusional mechanism. 
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2.7.4 Discussion. 
Published work on diffusion is characterized by a 
scarcity of work of a fundClxnental nature. A large proportion 
of published work consists of subjective reasoning on the 
mechanism_ of extraction, un s upported by experimental evidence. 
In particular no information of a quantitative nature exists which 
will permit diffuser design on a rational basis. 
Extraction of sugar is dependent on the processes 
occurring on a rnicro-scale, as well as macro fluid flow 
characte ristics. The latter aspect has been neglected entirely. 
Po s sible mechanis rn s of ext r a c tion on a In i cro- scale have been 
reco gnized, nam.ely di splac em ent washing of juice f r om particle 
surfa ces, diffusio n through i n tact cell s , and mole c ular d~ffusion 
of suc rose down a concentr ation gradie nt to the p orti Ie surfaces. 
It app ear s that the s t r uctur e of prepan_cl bagasse or 
cane IT1U St determine to a large exte nt the relati ve in1portance of 
these n1as s transfer p roces s e s . The g reater the degree of cell 
rupture , the rrlor e ID'lportant i s the wa s lling process and the 
sm.aller t h e contrib ution of true diffusio n to the ovc::: a ll extraction. 
In this re s p ect it i i.i lilcely tha t Dr can func is a IT1easure of cane 
prepar a t ion. Further, the str ucture of bagasse is of such a 
heteroge n e ous n atur e that cla s si a l diffusion theory is unlikely to 
be of any utility i n d es cribj.n g the diffusion al component of the 
extr ac tion process. 
The work of Foste r & I--lill (196 6) and Buchanan & , I 
Jullienne (1969) h a s identified the major process variables, and 
shows qua litatively their eff ~c t On the diffusion process. This 
provides a useful starting p o int for de~; i gning an experimental 
progran'lme. 
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2.8 EXTRACTION OF IMPURITIES 
Although a nUlnber of diffuser installations have 
shown that higher extractions of sucrose are possible in a 
diffusion rather than a milling process, the ultimate per -
forn"lance criterion is the overall recovery of sugar, and 
not the degree of extraction. lInpurities lead to a loss of 
sugar in n1.01asses, and excessive an1.ounts of certain im-
purities cause considerable difficulty in the subsequent 
processing of the juice. It is obviously necessary, there-
fore, to cons i de r the effect s of in1.purities in defining the 
op t i mum ope rating conditions for diffusion. 
Cons iderable difference of opinion exists on 
whether hig h e r extrac tions obta ined via diffusion are offset 
by excessiv e extraction of iInpuri ti e s. On one hand, Payne 
(1968), report e d that the introduction of diffusion in a sugar 
mill in H a waii increased e x traction, with no effect on boil-
ing house recove ry; similarly, IVcng and Br"tiniche -Ols e n 
(1968 ) report e d that high extractions obtained with diffusion 
were not accompanied by a drop in juice purity or recov e ry. 
In contrast, it was reported (Anon., J 969) that milling re-
turns from South African sugar factories showed that 
diffusion factories produce 111.0re final n"lolasses relative to 
the amount of non-suc rose in l'nixe ' juice than conventional 
milling factories; the average non-sucrose ratios were 
0.95 and 0.84 respectively. This is substantiated by values 
of boiling house recovery for diffusion factories, which lie 
significantly below the average value (Perk, 1970). 
Only a few investigations into the quantities of 
various impurities extracted in difIusion have been report-
ed, and have generally been restricted to the more abun-
dant species of non-sucrose. This section also considers 
which impurities are easily removed in the clarification pro-
cess; those impurities which are not rel11.oved to any signif-
icant extent in the recovery process naturally aSSUlne added 
il11. po rtanc e. 
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2.8.1 Reported Investigations. 
2.8. 1. 1 Inorganic Impurities. 
Graham et al (1968) measured the amount of 
inorganic materials (as sulphated ash) extracted from a 
full scale diffus er under various conditions of temperature 
and pH. Their results show no significant dependence on 
either temperature or pH; work by Buchanan and Julienne 
(1969) substantiates their findings. 
No measurements of individual inorganic 
species have been made, although the observations of 
Honig (1958) on the inorganic constituents of mixed juice 
in milling factories are of interest; K, Na, and most of 
the Ca are present as ions in mixed juice; phosphate is 
present as mono- or di-phosphate, while sulphate and 
chloride are present in inorganic form; only 10 to 35% 
of the silica in cane is extracted, and the order of 
decreasing concentration in mixed juice is roughly K, Na, 
S, Cl, Si, P, Mg, Ca, with smaller amounts of Fe and AI. 
2.8.1.2 Reducing Sugars. 
Temperature and pH were similarly found to 
have no effect on extraction of reducing sugars from a 
fixed bed of bagas se in a small diameter column (Buchanan 
and Julienne, 1969). Graham et al (1968) investigated the 
amount of inversion of sucrose to be expected in diffuser 
juices. They found that even at high temperature (85
0
C) 
and low pH (5.2), chemical inversion is negligible. However, 
their tests showed that at lower temperature (65
0
C), inversion 
due to enzyme activity was considerable, particularly at low 
pH. By increasing the pH from 5.2 to 6.0, inversion 
decreased nearly tenfold, from approximately 1. 2% per hour 
to approximately 0. 15% per hour. In practice, the extent of 
enzymatic inversion is variable, depending on the enzyme 
content of the cane. Bruniche-Olsen (1969) for installce 
reports that enzymatic inversion increases when cane is stored 
after harvesting. 
Graham et al (1968)also showed that the ratio 
of reducing sugar / sucrose concentrations in diffuser juice 
decrease's from the feed end to the discharge end of the 
diffuser. Thus it would appear that reducing sugars are 
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extracted at a faster rate than sucrose. On the basis of 
this, they propose that molecular diffusion plays an im-
portant part in the extraction process, attributing the 
faster extraction of reducing sugars to their smaller 
molecular size. This, however, assumes that the init-
ial ratio of reducing sugars/sucrose is homogeneous 
throughout the bagas se particle s; on the basis of the dis-
cussion in section 2. 1. 2.3, this does not appear to be the 
case. In fact,if extraction by washing is presumed to be 
significant in the first few stages of a diffuser, their re-
sults could also be inte rpreted as indicating easie r wash-
ing extraction of reducing sugars than sucrose. However, 
neither of these theories explains the observation that the 
reducing sugar ratio is higher in juice from the last stage 
(discharge end) than the penultimate stage. 
2. 8. 1. 3 Starch 
Temperature is likely to affect the extraction 
of starch, since at elevated temperatures, the structure of 
starch granules breaks down, and starch in colloidal form 
can be dispersed in the juice. This process is referred to 
as gelatinisation, and although it may be initiated at tem-
peratures as low at 60
o
C, the rate of gelatinisation only 
becomes appreciable at somewhat higher temperatures 
(Collison, 1968). 
Both Graham et. al. (1968) and Buchanan and 
Jullienne (1969) found starch extraction to be independent 
of pH, but significantly affected by tempe rature. The re-
sults of Graham et. al. show that the amount of starch e x-





C is roughly five times that extracted at temperatures 
o 0 
of 60 C to 65 C. The amount of starch extracted at the 
higher temperature is approximately the same as that ex-
tracted in milling. Thus a diffuser operated at lower tem-
perature shows a distinct advantage in this respect; 
Jennings (1968) has in fact reported that the introduction 
of diffusion in a South African mill dropped the starch con-
tent in sugar crystal markedly from 600 to 400 ppm. 
2. 8. 1. 4 Gums, pectin 
and lignin. 
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Extraction of gums, pectin, and lignin was 
studied by Bjerager and Br'tiniche-Olsen (1968). They 
agitated disintegrated cane in water, and measured ex-
traction of these substances as a function of time, tem-
perature, and pH. It was shown that increased extrac-
tion is obtained with longer extraction times and higher 
temperatures. They also reported that highe r pH 
promotes extraction of these substances. Although the 
effect of cane quality variation was eliminated by con-
ducting tests on the same batch of cane, the increases 
in extraction with pH are not consistent, and in some 
case s, dec rease s were observed. Further, exce ssive 
extraction appeared to occur only under conditions of 
unrealistically high pH (>8.0). 
Buchanan and Julienne (1969) showed that an 
increase in temperature from 68°C to 78
0
C results in 
an increase of more than 50% in the quantity of gums ex-
tracted. They found that a slight increase in the quantity 
of gums extracted is obtained with finely prepared 
bagasse at the lower temperature only. No effect of pH 
could be discerned. They also reported that the amount 
of pectin extracted increased with time, temperature, 
and pH.; however, the amounts of pectin constitute only 
a very small fraction of the total polysaccharide extrac-
ted. 
2.8.1.5 Wax and Fats. 
Bjerager & Bru'niche - Olsen (1968) perfor _ 
med similar e:>...'})e riments on the extraction of fats and 
waxes. Extraction of fats was shown to decrease with 
increasing pH, while inve stigations into the effect of pH 
on the extraction of wax proved inconclusive. 
Graham et. al. (1968) reported that extraction 
of wax is significantly lower in diffusion than in milling. 
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2. 8. 1. 6 Mi sc ellaneous. 
Extraction of proteins was shown by Graham 
et. al. (1968) to be roughly the same in milling and diffu-
sion, and not significantly affected by pH or temperature. 
Buchanan & Jullienne (1969) reported that pH 
and temperature appear to have little effect on formation 
of colour in diffuser juice. This does not agree with ob -
servations of higher than norm_al colour in mixed juice in 
some diffuser factories. Furthe r, it is well established 
that at high pH, reducing sugars decompose, and in the 
presence of amino acids give rise to complex compounds 
of dark colour (Jenkins, 1966). Payne (1968) has sugges-
ted that the major cause of colour development is the pre-
sence of excessive amounts of leaves with the cane 
The diffusion process has the advantage that 
diffuser juice contains less suspended matter and shows 
less turbidity due to the filtering action of bagasse bed. 
This is substantiated by the considerably reduced amount 
of filter cake produced by diffuser factories. In fact, 
Payne (1968) has claimed that liming in a diffuser can pro-
duce a juice which doe s not require clarification. 
2.8.2 Effects of impurity extraction 
on recovery of sucrose. 
As a consequence of the structure of cane and 
the distribution of sucrose and non-sucrose species with-
in the cane, it is commonly observed that the purity of 
juice extracted in a milling train decreases from the 1st 
mill, and that extraction of the last juice is as sociated 
with the extraction of a high proportion of impurities. 
Based on average figures for South Africa for the 1968/69 
season, it can be calculated that an increase in the aver-
age suc rose extraction of 1 % would result in inc reasing 
the ove rall recovery by only O. 65%, while the amount of 
final mo]asses would increase by 1. 04% (Anon, 1969). 
Clearly there must be an optimum extraction above which 
increased recovery costs outweigh the advantage of addit-
ional sugar produced. 
• 
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However, recovery of sucrose depends on the 
nature and not just the arnount of nOI1- suc rose as sociated 
with it. Thus it is desirable to be able to express quanti-
tatively the effects of individual impurities on the recovery 
process. Such quantitative information would find utility in 
an optimisation strategy for the complete diffusion system. 
Quantitative relationships of this kind do not exist for the 
following reasons:-
i. The type s and concentrations of impurities vary 
widely, and are not easily measured. 
ii. The effects of individual impurities are not gen-
e rally known. 
iii. Although some such effects have been recognis-
ed, they cannot be expressed in quantitative 
terms. 
iv. The effects of impuritie s on the production of 
sugar depend on the type, efficiency, and op-
erating conditions of the recovery process . 
An idea of the effect of impurities on the recov-
ery process is given by the following relation, (Honig, 1958): 
recoverable sucrose = pol-0.4 x non-sucrose content. (2.30). 
This evaluate s all non- suc rose as identical in 
molasses forming effect. However, Honig (1958) points out 
that the melassigenic effect of inorganic species is roughly 
four times that of reducing sugars. Further, those no'n-
sucrose species which are largely removed in the clarifica-
tion process will playa less important part. 
Inorganic materials which are not removed have 
an appreciable effect on sucrose losses in molasses. Accord-
ing to Honig (1958), Na, K, and Cl are not removed at all. 
Thus van der Poel et. al. (1970) have observed a good correla-
tion between the K+ and Na + content of juice s and los s of 
sucrose in molasses in a beet factory. The concentration of 
Ca increases during clarification, depending 011 clarification 
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conditions. Phosphate precipitates with Ca during clari-
fication. Thus the extraction of inorganic phosphate is 
not unde sirable; in some instances, phosphate is added 
to mixed juice to improve clarification. Al and Fe are 
largely removed, as is silica; however, the remaining 
silica has an adverse effect on the recovery process, 
(Honig 1958). 
Alexander reported in 1954 that the starch 
content of South African sugar products must rank 
among the highe st in the world, and thus the existence 
of starch in mixed juice and its effects has received a 
considerable amount of attention. Boyes (1960) reported 
that excessive amounts of starch in mixed juice influen-
ces the recovery process in a number of ways: it in-
creases the viscosity of massecuite, retards the rate of 
crystallisation, co-crystallises with sucrose and slows 
down the filtration of liquor in the subsequent refining 
process. Gums have a similar effect; both starch and 
gums are hydrophilic, and so markedly inc rease the vis-
cosity of solutions (Jenkins, 1966). They may, therefore, 
be regarded as principal harmful impurities. 
Lignin and pectin similarly affect crystalli-
sation and sugar quality (Bjerager & Br\iniche-Olsen 1968) 
However, Spencer & Meade (1945) reportthe observation 
of Farnell that pectin is removed during clarification. 
Wax andfatty matter is largely removed in 
clarification, although some may be retained in colloidal 
suspension in final molas ses, and trace s may be found in 
raw sugar (Barnes, 1964). Similarly; proteins coagulate 
and are largely removed in clarification (Honig, 1958). 
2. 8. 3 Discus sion. 
Investigations into the extraction of impurit-
ie s during diffusion do not point to highe r impurity extrac-
tions in diffusion than in milling. Graham et. al. (1968) 
have shown that destruction of sucrose due to inversion is 
unlikely to be significant in diffusers. They also showed 
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that substantially less wax is extracted in diffusion, and 
that at low tempe rature s, Ie s s starch is extracted. T his 
is supported by the observation of Jennings (1968) th at 
the introduction of diffusion in a South African sugar fac-
tory resulted in a significant decrease in the starch con-
tent of raw sugar. 
This conclusion, taken together with the 
claims of a number of authors that boiling house recovery 
and juice purity are not affected by the introduction of dif-
fusion, are difficult to reconcile with the excessive 
production of molas se s in South African diffuser factories. 
Attempts to explain this anomaly are 
complicated by the fact that the juice s in a sugar factory 
constitute a complex multicomponent mixture, whose 
nature and composition varies widely depending on the 
cane processed. In this respect, South African canes are 
notorious for their fibre and trash contents; it is well 
known that the leaves and tops constituting trash contain 
large quantitie s of undesirable impuritie s (Anon, 1952), 
which must have a detrimental effect. 
Evidence exists which suggests that high 
retention times of juice in diffuser sysems are responsible 
for higher sucrose losses in molasses. 
Inability to explain this observation underlines a fundamen-
tal lack of understanding of this complex system. Perhaps 
attention should be directed towards the physical nature of 
the impurities rather than the amounts of these impurities 
extracted. 
The lack of quantitative information on 
the effect of the various non-sucrose species on the recov-
ery of sucrose militates against the choice of optimum 
diffus er operating conditions on a rational basis. Thus only 
qualitative observations can be utilised as a guide in the 




OF THE DIFFUSION PROCESS. 
BASIS FOR MODEL FORMULATION. 
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It is required that a mathematical model of the 
diffusion process be formulated to represent extraction in 
the two experimental configurations employed in this study, 
namely extraction in the fully-mixed laboratory- scale 
experiments, and in a fixed bed pilot plant diffuser. The 
latter is practically of more utility, since it represents 
more closely the operation of a full- scale moving-bed 
diffuser. 
Clearly, both models should have a common 
phy sical basis. However, packed bed operation require s 
that the liquid flow characteristic s through the bed be 
accounted for, while extraction in a fully-mixed system 
requires only the specification of the basic mechanism of 
extraction, free of fluid flow considerations. 
3. 1. 1 The Mechanism of Extraction. 
Work on extraction of vegetable materials 
described in section 2.6 has shown that classical diffusion 
theory cannot be applied to these materials, because of their 
non-homogeneous nature. It has been shown that a 3 para-
meter model is capable of r epre senting extraction from the se 
materials, which is necessary as a consequence of non-uniform 
structure, or co ncentration distribution, or both. 
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A major characteristic of cane and bagas se 
has been shown to be its heterogeneous nature. In this 
material, structure differences are obvious within 
particles. This has led to the ob servation in diffusion 
investigations that at least 2 major transport processes 
are operative, namely displacement or washing of the 
free surface juice, and a diffusional type of transfer from 
the interior of particles. Clearly, the rates at which 
sucrose in different parts of the particle s is extracted 
must embrace a wide spectrum of values, so that some 
distribution of transfer rates exists. In the absence of any 
indication of the type of distribution involved, the assump-
tion that sucrose is extracted at 2 different rates would 
appear realistic, and balances the 2 conflicting considera-
tions in model formulation of accuracy and practicability. 
Intuitively, these rates would be expected to represent 
the rate of washing or displacement of surface juice, and 
the rate of extraction of structurally inhibited sucrose by 
a diffusional mechanism. 
3.1.2 The EHect of Liquid Flow Conditions. 
In packed bed operation, the effect of liquid flow 
behaviour must be stlperimposed upon the basic rates of 
extraction. Sections 2. 3 and 2. 5 have shown that the only 
flow models which have any practical utility are the dispersion 
model and the mixing cells model, which take account of axial 
dispersion, and the capacitanc e models. For the case of 
liquid - phase mas s transfer, it was shown that the capacitance 
effect of stagnant liquid regions over shadows the effect of 
axial dispersion. The nature of bagas se is such that stagnant 
liquid zones can be expected to be of considerable significance 
in a bagasse bed. Firstly, the hydrophilic nature of bagasse 
is such that liquid will be readily attracted to points of contact 
between particles; the wide range of particle shape s and size s 
ensures an interconnecting nel\vork of void spaces of a wide 
distribution of sizes between particles; liquid may be attracted 
into the voids within bagasse particles; and finally, evidence of 
greater amounts of static liquid in fibrous beds has been 
presented (Kyan et aI, 1970). 
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It was shown in section 2.3 that the effect of 
axial dispersion on liquid-solid mass transfer processes 
in packed beds is generally negligible in practical packed 
bed systems. Although the as sumption of plug flow in 
a packed bed is a theoretical condition not generally 
realised in practice, if the deviations from plug flow are 
not likely to affect mas s transfer re sults significantly, 
the obvious advantage s of neglecting it for computational 
simplicity and practical utility need not be emphasized. 
In particular, if the inclusion of axial dispersion precludes 
the attainment of a solution in closed form, a strong case 
for its omis sion can be made. 
Han and Bixler (1967) assumed that mass trans-
fer between stagnant liquid in channels between particles 
and the flowing liquid occur s by molecular diffusion, 
although they concede that some other mechanism contribute s 
to the renewal of liquid at the entrances to the channels. 
Others, such as Hochman & Effron (1969) and van Swaaij et al 
(1969) have described movement into and out of stagnant zones 
in terms of a mass transfer coefficient without specifying 
what transport processes are operative. Because of the 
structure of bagasse, pockets of liquid trapped between 
particles, to-gether with liquid which may be drawn into voids 
in the particles, would be inaccessible to a flowing liquid. 
Exchange of mass with this liquid can therefore only occur 
by a diffusional mechanism. On the other hand, some static 
liquid retained by gravity or capillary action must be more 
readily available to exchange by renewal with the percolating 
liquid. 
Once liquid flow has been established in a 
bagasse bed it is impossible to distinguish between inter-and 
intra-particle liquid, in which case it is convenient to treat 
the static liquid as part of the juice holdup in bagasse. Then 
static liquid zones in internal regions of bagasse particles 
can be identified with the naturally tightly-held or bound juice, 
since both need to be extracted by a diffusional process. Static 
liquid external to the particle s can be identified with juice 
from broken cells on particle surfaces which is more readily 
available for washing or displacement by the percolating liquid. 
It is to be expected that the location and extent of 
stagnant liquid zones will affect observed mass transfer rates. 
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3.2 PROPOSED 3 PARAMETER DIFFUSION MODEL. 
3. 2. 1 Extraction in a Fully-Mixed Batch System. 
Extraction of sucrose from bagasse is postulated 
to occur as follows : part of the juice in broken cells on the 
surface of bagasse particles is readily extracted by a displace-
ment-washing process, at a rate k l , while the remainder of the 
juice in unbroken cells 'and in broken cells in the interior of 
particles is extrac t ed by a slower diffusional mechanism, at a 
ratek2' It is expected that kl will be considerably greater 
than k 2 . The fraction of juice which is readily extracted is 
denoted by a , where 0 < a~ 1. The remaining tightl y- held 
or bound juice fraction is represented by I-a . 
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Fig. 3. 1. Schematic Representation of Extraction Model. 
In the laboratory extraction tests, extraction occurs to 
an extract liquid of constant weight, which is assumed to be fully-
mixed, and ther cfore everywhe re at the same concentration at any 
given time. It is assumed that mass transfer is best described in 
terms of mass transfer coefficients, and that the rate of extraction 
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is proportional to the difference in bulk concentrations of 
juice in bagasse and extract. 
Material balance s for the sucro se in bagas se 
over the differential time element dt lead to the following 
differential equations for the readily available juice and 
more tightly - held juice in bagasse respectively: 
a h d CbI = kl - d t 
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bl = concentration of sucrose 
In readily available 
juice in bagasse. 
C
b2 = concentration of sucrose in tightly-held juice 
in bagas se. 
h = juice in bagas se (g) . 
W = weight of extract liquid (g). 
kl = mas s transfer coefficient (g /min). 
k2 mass transfer coefficiem (g/min). 
a = fraction of juice in bagas se extracted at rate k l . 
Sucrose concentrations are ideally expressed as mass fractions. 
In practice brix values are used. This treatment assurnes that 
values of Wand h are constant, and that the composition of the 
solid is uniform initially. The initial concentration of extract 
liquid is Cjo . The following boundary conditions apply: 
at t = 0, C. = C. 
J JO 
(3.4) 
at t = 0, (3. 5) 
Equations (3.1) to (3.3) can be simplified by 










which leads to the following set of differential equations · 
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The process considered here is an unsteady- state 
mass transfer process in a packed bed. A liquid of constant 
concentration is applied to the top of a fixed bed of bagasse and 
flows down through the bed by gravity; the concentration of 
sucrose in the bagasse decreases with tilne as sucrose is prog-
ressively extracted into the flowing juice stream. 
Plug flow of liquid through the bagas se bed is as sumed. 
Again, extraction is postulated to occur by two first order relations 
in parallel. Stagnant liquid is considered as part of the juice 
holdup in bagasse. Once again, 0: represents the fraction of this 
juice which is readily extracted. 
Consider an element within the packed bed, of 
height dz and unit cros s section. Liquid of concentration C. flows 
vertically downwards into this section, and is enriched as a J 
result of mas s transfer from the juice in bagas se, before flowing 
out of the section. 
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Thus the concentrations of flowing juice and juice in 
bagas se vary with distance from the top of the bed and 
time. Radial concentration gradients are considered to 
be negligible. 
A mas s balance on the sucrose in the flowing 
liquid phase in this element is: 
rate of input = L C. t KI (Cbl - C) dztK2 {CbZ -Cj)dz J 
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The liquid phase material balance is then: 
(3.l0) 
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{l- .a)H = (3.12) 
where C. 
J 
= concentration of sucrose in percolating liquid. 
C bI = concentration of sucrose in juice in bagasse 
(readily available phase). 
concentration of sucrose in juice 
(tightly-held phase). 
= juice holdup in bagasse (lbfft3) 
= percolating juice holdup (ft 3 fft3). 










mass transfer coefficient (lb/min ft ). 
3 
mass transfer coefficient (lb/min ft ). 
liquid mas s flow rate (lb/ min ft2) 
= distance from top of bagasse bed (ft). 
= fraction of juice in bagas se extracted 
. at rate K
l
. 







p h Dz 
= -- --e H L (3. 14) 
The variable N can be considered as the bed height 
measured in terms of the number of transfer units. It may be 
re-written as: 
N = (3.15) 
where F is the flow rate in Ib/min and V the bed volume in ft3 
corresponding to the value of z. This is a more convenient 
form for computation purposes. 
The quantity PhD Z / L in equation (3.14) is the time, 
T. required to displace the liquid held up in a column of height z. 
Consequently e represents the tin1.e during which a bed element 
a distance z from the bed surface has been contacted by flowing 





e = ( t - T) 
Introducing these dimensionless variables, and 
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It is as sumed that the composition of the initial 
solid material is uniform, and that the composition of the 
entering fluid is constant. For this particular case, the 
entering liquid concentration is zero (pure water). Thus 
the boundary conditions are : 
at N = 0 
at e = 0 
C. = 0 , all e 
J 






3.3 MATHEMATICAL SOLUTIONS. 
3. 3. 1 Laboratory Mixing Tests. 
It is required to obtain a solution for C. from 
the set of ordinary differential equations (3.7) to (Y. 9), 
subject to the boundary conditions, equations (3.4) and 
(3.5). The solution of these equations is recorded in 
detail in appendix E. The final result with which 
comparison of experimental data may be made is: 
= 1 + C bo (( _1 __ (It B) ) 
C j C bo Q+ 1 Q (a-b) ay a 
-a e ( e - 1 -be) y b - (1+ B) ) e 
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where 
a = 1 "2 
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a and b are the roots of a quadratic equation. If the discriminant 
is negative, complex roots are obtained, and the form of equation 
(3.22) is modified slightly. In practice, however, the possible 
range of the quantities comprising the discriminant ensures that 
the roots are always real and unequal. 
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3.3.2 Plug Flow Percolation. 
Equations (3.17) to ( 3.21) were solved by first 
applying Laplace transforms, and then treating the trans-
formed equations as ordinary differential equations. This 
yields the solution in the Laplace transform domain. 
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CHAPTER 4. 
EXPERIMENTAL DETAILS, 
4. 1 EXPERIMENTAL OBJECTIVES, 
The vast majority of full- scale diffuser s involve 
flow by gravity of liquid through a bagasse bed. However, 
plant operating data is of limited utility for the purposes of 
testing the model; in order to do this, the controlled condi-
tions of pilot plant experiments are necessary. The experi-
mental system was de signed to simulate the extraction 
process in a fixed bed pilot plant diffuser in such a way that 
the primary operating variables, preparation, temperature 
and flow rate, could be varied over a much wider range of 
values than are possible on the operating plant. Thus the 
model parameters could be estimated over the complete 
range of control variable settings to permit ultimately the 
selection of the optimum operating conditions. 
A secondary experimental objective was to apply 
the extraction model to a simple laboratory test rig. It was 
envisaged that such experiments would supply information 
on the basic mechanisms of extraction, and provide a frame 
of reference to which pilot plant results could be related. 
Further, such a laboratory test facility could be used as 
a means of characterizing bagasse in terms of the plant 
model. 
In attempting to define the optimum diffuser 
operating conditions, the simultaneous extraction of impurities 
must be considered. Since these impurities lead to a loss of 
sucrose in the recovery process, they affect the ultimate 
economic criterion of an optimization study, which is the amount 
of sugar recovered and not merely the degree of sucrose ex-
traction achieved. 
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Measurements were made of the principal 
impurities extracted; these measurements of necessity 
covered only a fraction of the total number of individual 
components, since many of them are complex and present 
only in trace quantities. 
It should be mentioned that no experiments 
on shredded cane were carried out. Becaus e of the cane 
payment sys tern in South Africa, at least one mill is 
nece s sary before a diffuser, and so fir st mill bagas se 
was used in the experimental work. 
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4.2 THE PILOT PLANT DIFFUSER. 
4.2. 1 Description of Equipment. 
A schematic lay- out of the pilot plant is shown in 
Fig. 4.1. The diffusion vessel consisted of a mild steel 
column, 24" in internal diameter, and roughly 6.5 ft. high. 
Juice or water was pumped from the surge tank, a temperature-
controlled stirred vessel, through an orifice meter and How 
control valve into a liquid distributor, suspended just above 
the bagasse bed. The juice leaving the diffuser could be 
collected in a series of calibrated drums, or sent to process, 
or returned to the sur ge tank. 
The diffuser diameter was chosen to be large 
enough in relation to the bagasse particle sizes to obviate 
any wall effect, and to ensure that packing densitie s com-
parable to those in full- scale operation would be achieved. 
The bagasse bed was supported by an expanded metal screen 
located near the bottom of the diffuser vessel between 2 flanges. 
Just below this screen was another finer screen, to retain 
smaller particles. A sight-glass in the side of the vessel 
allowed the bed height to be measured, and permitted observa-
tion of the juice flow during percolation. The diffusion vessel 
is reproduced in the photograph Fig. 4.2, and the drawing 
Fig. 4. 3. 
A Philips load beam (Type PR 6101 P/02, 200 kg 
nominal load) was fitted to the vessel, to allow measurement 
of the weight of the transient and steady-state liquid holdup 
in the column. During operation, the diffuser rested on the 
load beam and on 2 knife edges on the opposite side of the 
column, parallel to and in the same horizontal plane as the 
knife edge on the load beam. Since the load beam knife edge 
and the midpoint of the line joining the other 2 knife edges were 
equidistant from the centre of gravity of the column, the load 
beam was subjected to a bending load equal to half the weight 
of the vessel and its contents. A counter-weight and pulley 




















































Fig. 4. 1. SchelT'.atic diagram of the pilot plant 
• 
• 














By means of the tare adjustment on the 
Philips Type PR 7737/01 power supply, the contents 
of the vessel only could be recorded, permitting greater 
measurement sensitivity. With this system, the weight 
could be measured to within llb. 
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Because of vibration in the factory where the 
pilot plant was situated, the load beam output on a pen 
recorder had superimposed on it high frequency low 
amplitude fluctuations, which produced an unsuitable 
recorder trace. This was overcome by connecting a 
good quality 2 \-LF capacitor across the output terminals, 
which removed the fluctuations without significantly 
affecting the response tirne. When not in operation, the 
vessel was lifted off the knife edges by 4 jacking screws, 
and the counter-weight was lowered onto steel supports. 
The bottom flange of the vessel and the screen 
were hinged to the vessel. The vessel was emptied by 
undoing 4 bolts and swinging the bottom part of the vessel 
down, allowing the bagas se to fall into the catchpot. 
A fine screen was fitted over the outlet of the 
vessel to trap any fine pith particles which were washed 
out. 
The liquid distributor was suspended indepen-
dently of the diffusion vessel, so that it did not contribute 
to the weight recorded by the load beam. It consisted of 
a cylindrical frame formed from steel sheet, with a fine 
screen fitted over its lower diameter. Into the frame, 
a steel 'basket' could be ins erted, whos e bottom face was 
drilled with small holes on a 2" square pitch. Three 
such baskets were used, each with different si zed holes. 
Prior to a run, a basket was s elected which would 
maintain a liquid level of O. 5 to 1" in the basket at the 
selected flow rate, thus ensuring uniform flow over the 
column cross section. 
Fig 4.4. Photograph of top of diffusion vessel 




A photograph of the top of the diffusion vessel 
with the distributor in position is shown in Fig. 4.4. A 
flexible hose was connected to the inlet pipe, so that the 
distributor could be raised or lowered during operation, 
and pulled clear of the vessel during the bagasse loading 
operation. The liquid inlet pipe was clamped to the frame 
of the distributor. 
One of 3 different orifice plates could be used 
in the orifice meter depending on the flow rate, to ensure 
a pressure differential in an acceptable range over the 
flow rate range of 5 to 60 gall min. A Foxboro D. P. cell 
transmitted the signal to a Foxboro 43 A proportional + 
reset controller. 
The surge tank had a capacity of 300 gallons. 
A photograph of the surge tank in Fig. 4. 5 shows in 
addition the pump, stirrer motor, thermometer pocket 
and the sightglass for liquid level indication. Tempera-
ture control was effected by a Satchwell T L 164 thermostat 
which controlled an electrically actuated ball valve in the 
steam injection line. Temperature control within 1
0
C 
of the desired temperature was possible with this system. 
4.2.2 Operation. 
The operation of the pilot plant is be st 
illustrated by following In detail the COurse of an experi-
mental run. 
After the bagasse had been prepared and sampled, 
the amount required for a run (generally 125 lb) was weighed 
out on a platform scale and loaded into the diffusion ve s sel 
via a metal chute inserted into the top of the vessel. After 
loading, the top of the bagasse bed was levelled by hand, 
but the bed was not compacted at all. The dry bed height 
was read on a scale On the side of the per spex window. 
The liquid distributor was then lowered into the vessel, 








The load beam was commissioned by lowering 
the vessel onto the knife edges by screwing down the jacking 
screws. The tare on the power supply was adjusted to zero 
the recorder pen, and the calibration checked by means of 
the facility provided for this purpose in the power supply. 
Two modes of operation of the pilot plant were 
employed. For most of the runs, water was pumped from 
the surge tank through the bed, and the effluent collected in 
a series of drums. Such 'once through' operation was 
unsuitable for the measurement of impuritie s extracted. 
In this case, the surge tank was initially filled to a given 
level, the liquid pumped through the bed and back to the 
surge tank, and continuously re-circulated. 
In both cases, the water in the tank was allowed 
to reach the temperature set on the the thermostat before 
percolation was started. With the 3-way valve turned to 
permit flow through the by-pass line shown in Fig. 4.1, the 
pump was turned on and the orifice meter commissioned 
by bleeding air from the ports of the D. P. cell. The 
required flow rate was set on the flow controller; to achieve 
optimum control conditions, it was found necessary to adjust 
the proportional band of the controller depending on the 
control setting. 
An experimental run was initiated by quickly 
turning the 3-way valve to close the by-pass and permit 
flow into the diffusion vessel. When the first liquid 
appeared at the diffuser outlet, a stopwatch was started, 
and catch samples of the effluent juice taken at regular 
pre-determined intervals. The temperature of the effluent 
liquid was also measured at regular intervals with a 
mercury thermometer; the inlet temperature of the first 
juice was considerably lower than the outlet temperature, 
but generally within ±. 5 to 10 minutes, depending on the 
temperature and flow rate, the outlet temperature was 
substantially equal to the inlet temperature. 
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The bagasse bed consolidated appreciably once 
percolation started, but after a few mjnutes had essentially 
reached its final height. At this stage the liquid distribu-
tor was lowered to a position just above the top of the bed, 
and the height of liquid in the distributor was measured. 
At the end of the run, the final bed height was 
read, before unloading the column. Then the diffusion 
vessel and piping were throroughly washed and flushed 
out for the next run. 
4.2.3 Calibration of Equipment. 
4.2.3. I Effluent Drums. 
Each drum was calibrated individually. A drum 
was placed on a scale and filled to various levels to determine 
a weight-level calibration curve. A dip- stick was used to 
measure li quid level in the drums, and the temperature 
measured simultaneously. Correction factors were 
determined for different temperatures. 
In all cases, before and after filling each drum, 
it was covered by a lid to prevent evaporation and the ingress 
of foreign particulate matter. It is estimated that the weight 
per drum could be determined to within 3 lb., or less than I % of 
its true value. 
4.2.3.2 Flow Meter. 
The surge tank capacity-level relationship had 
previously been accurately established by pumping liquid from 
the tank into drums, and weighing the amount of liquid 
pumped out. The flow meter was calibrated by pumping 
liquid out of the surge tank at the required set value of the 
flow controller over a given time interval, and measuring the 
reduction in volume of liquid in the surge tank during that 
time interval. A linear calibration curve with each orifice 
plate was obtained, which generally showed close agreement 
with expected flow rates calculated from the orifice diameters. 
Whenever the orifice plate was changed, one or 
more flow rate checks were carried out to verify the validity 
of the calibration curve. 
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4.2.3.3 Load Beam. 
Calibration of the load beam could be easily 
carried out by closing the outlet valve on the diffusion 
vessel, and introducing weighed quantities of water. 
The recorder pen deflection could then be accurately 
related to the load. A linear relation between load 
and pen deflection was confirmed. 
As a further check, liquid was pumped into 
the vessel with the outlet valve closed at a number of 
different flow rates. In all cases, the slopes of the 
load-time recorder traces were found to represent 
accurately the known inlet flow rates. 
4.2.3.4 Inlet Liquid Temperatures. 
Because of heat losse s in the piping between 
the surge tank and the diffuser, the inlet temperature 
was found to be slightly lower than the surge tank 
temperature. Simultaneous measurement of these 
2 te~eratures showed a drop of 2: _3 0 C at 90 0 C, while 
at 60 C, this drop was less than 1 C. These tem-
perature drops were found to be essentially independent 
of flow rate. All surge tank temperatures were adjusted 
accordingly to obtain values of the liquid inlet temperature. 
4.2.4 Measurement of Liqujd Holdup. 
Liquid holdup values are reported as a weight / 
unit weight of dry insoluble solids (referred to as Ifibre I), 
rather than as a volume fraction, since it is the amount of 
fibre which largely determines the amount of liquid retained 
in the bed. Kocatas & Cornell (1954) reported holdup 
measurements in beds of soybean flakes in a similar way. 
Holdup values can be related to values expressed as a 
volume fraction through liquid density and fibre packing 




Dynamic and static holdups, HD and HS are similarly 





4.2.4. I Total Liquid Holdup. 
The first few minutes of operation represented 
transient flow conditions, before the liquid holdup had been 
established within the bed. This is illustrated by the load 
beam trace shown in Fig. 4. 6. After the column had been 
loaded with bagas se, the output from the load beam was 
adjusted to zero, so the total weight of the contents of the 
diffuser is represented by the recorded weight plus the 
initial weight of bagasse (in this case 125 lb). Point A in 
Fig . 4.6 represents the point at which the first Equid is 
applied to the bagasse bed. The weight rises continuously 
at a rate determined by the inlet flow rate, until at point B 
the first liquid appears at the diffuser outlet. The times 
at which these events were observed could be conveniently 
marked by applying a quick slight pressure by hand to the 
diffuser vessel. Over the region B to C, Equid builds 
up in the bed and the outlet flow rate gradually increases 
until at point C, the inlet and outlet flow !:ate s are equal. 
From C to D, the trace generally remained ~'oughly constant 
(under non-flooding conditions). All holdup measurements 
were made over this period of steady- state flow conditions. 
The region D to E represents drainage of liquid from the bed. 
Numerical values of the weights recorded were 
found to be unreliable. T his was unexpected, since calibration 
with water showed that very accurate results could be obtained 
With flow through a packed bed of bagasse however, any 
maldistribution of liquid over the column cross-section 
seriously affects recorded value s. With the physical geometry 
employed, it can be easily shown that a 1. 5" shift of the centre 
of gravity towards or away from the load beam results in an 
error in the measured weight of + 10%. 
Discrepancie s in the value s of HT and/ or the slope 
of the line representing the inlet flow rate were observed. 
From the trace shown in Fig. 4. 6, the calculated value of 
HT is 9.00 lb/lb fibre compared with the estimated actual 
value of 8. 84 lb/lb fibre. However, the slope of the trace over 
the region AB represents fairly well the actual inlet flow rate. 
These findings are indicative of various degrees of liquid 
maldistribution; from the magnitude of the discrepancies such 
maldistrubution is slight, but sufficient to invalidate accurate 
measurements. 
Fig. 4.6. Typical load beam trace 
RUN E17 
Pl 
F = 152 'Ib/min 
73°C 
The load beam therefore had utility for 
qualitative purposes only. It could be used to infer 
the time required to attain steady- state flow conditions, 
to indicate the pre sence of flooding, and was sensitive 
enough to re spond to change s in flow rate. It was 
also used as a check on suspect valves of H
T
. 
Instead the difference between cumulative 
inflow and outflow values was used to determine H . 
This is illustrated in Fig. 4.7; the cumulative outllow 
curve was obtained from the weight of liquid retained 
in the drums over known time intervals. The distance 
XY repre sents the weight of liquid retained in the bed, 
plus the liquid in the distributor. The latter was 
determined from the height of liquid in the distributor, 
and although relatively small, was subtracted from 
this weight. Finally, the initial weight of liquid in 
the bagas se was added to yield the total liquid holdup. 
It is clear that if the slope s of the 2 line s 
in Fig. 4. 7 are equal (i. e. input and output flow rates 
equal), then the weight represented by the distance XY 
is also given by the product of inlet flow rate and the 
time tH . In practice this is easier to calculate. The 
slope of the cumulative outlow curve could be used as a 
check on the inlet flow rate in the absence of flooding. 
It is estimated that measurements of HT are accurate 
to within ± 2 %. 
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Under flooding conditions, the slope of the 
outlet curve was Ie s s than that of the inlet line, indicating 
a progressive build-up of liquid in the bed. In this 
case, HT can be calculated in the same way using the 
distance XY, but it is then a function of time. For the 
purposes of the model computations , an estimate of HS is 
required under flooding conditions. In this case the value 
of HT at t = tHV\TclSused in calculating HS' 
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Illustration of the method of determining the total liquid holdup in the 
diffuser vessel 
4.2.4.2 Dynamic Holdup. 
The determination of the dynamic holdup, 
H
D
, involved the measurement of the mean residence 
time, 1" (see section 5.3. 1), which was determined 
by a tracer test. Roughly, 10 ml of an aqueous solution 
of a green vegetable dye was introduced by hand into the 
liquid distributor at a predetermined time to represent 
a pulse input . The dye employed was manufactured by 
Bush, Boake and Allen (S. A. ) Pty Ltd. (trade name 
'Permicol'). The volume of dye introduced was small 
enough not to affect the flow rate. The response curve 
was obtained from the measurement of light absorption 
of catch samples of the outlet liquid, measured on a 
Unicam S. P. 1300 Colorimeter. At least 3 such 
determinations were made in the cour se of a run; 
Fig. 4.8 shows typical response curves. The value 
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of 1" was determined as the time interval between the 
introduction of the dye and the peak in the response curve. 
Generally, the repeat determinations of 1" in a run 
agreed to within 5%, and better agreement was obtained 
with higher values of 1". In a few cases, wide differences 
in the values of 1" were obtained, in which case, the 
value of 1" was rejected and a value of HD was not obtained. 
4.2.4.3 End Effects. 
It was necessary to establish whether an 'end effect' 
should be taken into account ie. whether there is significant 
liquid holdup in the column in the absence of a bagasse bed. 
This was done in 2 ways. Firstly, the difference in the 
weights before and during liquid flow through the empty 
column was deterrnincd with the load beam. This showed 
an inc rease in weight of 5 lb ± 1 lb, independent of flow rate. 
Further, after the flow was stopped, the weight returned to 
its original value, indicating that all liquid drains freely from 
the vessel. Secondly, tracer tests were carried out in the 
empty column with the liquid distributor lowered to a few inches 
above the screen. These tests indicated a 'dynamic holdup' 
of the empty column of 3 to 7 lb. This value was more 
affected by the liquid height in the distributor than by flow rate. 
As a result of these tests, 5 lb was subtracted 
from measured values of total and dynamic holdup for all flow 
rates. The likely error of ± 2 1b is within the accuracy of 
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4. 3 LABORATORY EXTRACT ION TESTS. 
4.3.1 Equipment. 
The equipment used in these tests was obtained 
on loan from the South African Sugar Milling Research 
Institute, and is illustrated schematically in Fig. 4.9. 
It consisted of a U - shaped trough 12" in diameter and 12" 
long, with transparent perspex ends. The trough was 
fitted with a rotating rake-type paddle, driven by a motor 
through a reduction gearbox at a speed of 19.7 r. p. m.; 
its function was to ensure good mixing between bagasse 
and juice in the trough. Juice was pumped via a small 
centrifugal pump from the bottom of one side of the 
trough round to the other side. A sampling cock in 
this recirculation line allowed representitive sampling 
of juice. The trough was fitted with a screen at the 
juice withdrawal end to prevent bagasse particles from 
being drawn into the pump. 
A water jacket was attached to the trough 
(not shown in Fig. 4. 9). Water was pumped from a 
thermostatically controlled tank through the jacket 
to maintain the contents of the trough at a de sired 
temperature set-point. 
4.3.2 Operation. 
A measured quantity of water (9 kg) was 
introduced into the trough, and allowed to circulate 
until the heating system brought the water to the 
desired temperature. Before introducing the 
bagasse, a sample of the water was taken; because 
of the difficulty experienced in cleaning the equip-
ment thoroughly after each run, this sample give a 
brix reading between 0.0 and 0.07. 
Two kg of bagas se was introduced 
into the trough over a period of ±. 5 seconds, to avoid 
jarrm'ling the rotating paddle. A stop-watch was started 
when roughly half the bagasse had been introduced, and 
juice samples were taken at pre-determined times for the 
measurement of brix. The amount of juice removed 
during sampling was ± 300 ml for most of the runs, but 
+ 500 ml for the earlier runs. Since the lid on the trough 
was not completely air-tight, some evaporation ocurred. 
This was determined as + 200 m1 over the whole run 
from the initial introduction of the water. Thus the 
average reduction in the liquid during a run was 250 ml 
and 350 ml for the 2 cases; although this quantity is 
small in relation to the initial amount, it was taken into 
account in the computations. 
On introduction of the bagas se, the 
temperature indicated by the thermometer in the . liquid 
dropped. Within 5 to 10 minutes, the juice temperature 








All bagasse used in this study was collected 
from the milling train of the thletts Mount Edgecombe 
mill, after the first mill but before the application of 
imbibition. Details of the preliminary cane preparation 
equipment and the first mill of this tandem are : 
1st knife set: 
2nd knife set: 
Shredder: 
1st Mill: 
direct drive 375 HP motor, 500 r. p. m. 
direct drive 420 HP motor, 435 r. p. m. 
Gruendler, 120 x 38 Ib hammers, driven 
by 600 HP motor at 960 r. p. m. 
84" X 41", with feed roller, variable 
speed steam turbine drive. 
The average crushing rate during the period of 
the experiments was 167 Inetric tons cane/hour, corres-
ponding to 25.7 metric tons fibre/hour. No changes were 
made to the configuration or drives of this equipment during 
the course of the experimental work, except that the mill 
settings were changed slightly each season according to the 
estimated average crushing rate. 
Enough bagas se for the number of runs antici-
pated in one day was collected early on the same day. Since 
the bagasse was obtained with the use of a grab, it was 
collected over a period of ± 1 hour. This was advantageous 
in that the bagasse was collected from a number of different 
cane consignments, and was therefore more representative 
of the average cane crushed. 
When required, the bagasse could be more finely 
prepared by feeding it through a Hippo Hammer Mill (a 
fixed hammer shredder). The model used (Hippo Mill size 1) 
was 8" wide, with 4 sets of 3 hammers (or beaters) 6" long, 
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driven by a motor at roughly 4300 r. p. m, and rated at 
6-15 HP. Four levels of bagasse preparation were employed: 
(1) P 1 - straight fir st mill bagas se. 
(2) P2 - first mill bagasse, fed through 
the Hippo Mill. 
(3) P3 - first mill bagasse, fed through the 
Hippo Mill, with a coarse screen 
over the outlet (1 1/4" D holes). 
(4) P4 - first mil! bagasse, fed through the 
Hippo Mill, with a fine scr een over 
the outlet (1/4" D holes). 
Attempts were made to reproduce each level 
of preparation consistently, by feeding the bagasse contin-
uously and at a constant rate through the Hippo Mill. 
4.4.2 Bagasse Analysis. 
When the bagas se had been collected and 
further prepared if required, it was thoroughly mixed 
and sampled as representitively as possible before the 
first run of the day. After the diffusion vessel had been 
loaded for the fir st run, the remaining bagas se was well 
covered to prevent evaporation or contamination by 
foreign matter. 
The bagasse sample was divided into 
2 portions, one of which was used for the DI determination 
and sieve ana]'ysis, while the other was analysed for 
moisture and fibre, and brix was determined by difference. 
All samples were kept in air-tight containers. The latter 
sample was initially disintegrated in a Jeffco cutter-
grinder prior to analysis (except for preparation P4 which 
was already fine enough). Moisture was determined by 
drying in a Dietert Moisture Teller for 40 minutes at 110oC, 
while fibre was determined according to the method of 
Prince (1969). This method of bagasse analysis had been 
previously established as being accurate to within + 0.2% 
(Prince, 1969a) -
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4.4.3 Dr and Sieve Analysis. 
The Dr was determined by the method 
outlined by Markham (1969), except that brix and not 
pol measurements were used. The test was done in 
duplicate and an average of the 2 values taken. Both 
results invariably agreed within 1% of each other. 
The sample for sieve analysis was first 
thoroughly dried in a moisture teller and then sieved 
in 2 stages. Firstly, the bagasse was sieved by 
hand in a sieving box for 2 minutes, with screen 
apertures of 10.6, 5.0 and 2.8 mm; then the residue 
was transferred to a JEL mechanical shaker, and 
sieved in a series of Tyler screens with apertures of 
1. 65, 1. 00, 0.589 and O. 351 mm for 10 minutes. 
Values of xi used in the evaluation of 
dPT (equation 5.1) and S (equation 5.2) are shown 
below: 
Values of x. (mm) for 
1 
Fraction. Equation (5. 1) Equation (5. 2) 
+2 10.0 10.6 
-2/+4 6. 2 8. i 
-4/+8 3.5 4.0 . 
-8/+10 2. 1 2. 3 
-10/+16 1.3 1. 35 
-16/+28 0.8 O. 81 
-28/+42 0.45 0.4.8 
-42 0.2 O. 22 
The fir st set of value s was obtained from a 
direct particle count (s e e section 5.1.4), while the second 
set were calculated according to the following equation 
given by Herdan (1960): 
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2 2 
xi = (1/4 (x 1 + x 2 
where x and x refer to the screen aperture 
1 2 
sizes of the ith screen and the screen above the ith screen. 
4.4.4. Evaluation of Particle Size and Shape. 
A sample of dried bagas se was sieved in 
the normal way, as described in the previous section, 
and the fraction retained on each screen was studied 
individually. This had the dual purpose of separating 
the particles into fractions of approximately the same size, 
and also the results of the investigation could be related 
to sieving results. 
Particles from the 3 coarse screens of the 
fir st sieving stage were large enough for direct measure-
ment of length, breadth and thickness of each particles. 
This was achieved by placing the particle on graph paper 
ruled in mm. The images of particles retained on the 
finer screens were projected directly onto photographic 
paper, with suitable magnification. Measurement of 
the thickness of these particles was not attempted. 
Measurement of the other 2 dimensions was made with 
the use of transparent graph paper placed over the image 
of each particle. These measurements were then 
converted to actual sizes by dividing by the magnification 
factor. 
Length, breadth and thickne s s were meas-
ured according to the definitions of Heywood (1937) (see 
section 5. 1.4). In addition, because of the i1ature of 
bagasse, some arbitrary rules were followed. When 
measuring long fibres which were bent or twisted, these 
were fir st straightened so that the breadth is a true 
measure of the width of the particle. Otherwise the 
length is smaller and the breadth much larger when the 
fibre is bent, according to Heywood's definitions. 
Similarly, single fibres protruding from larger 
particles were aligned in a direction pa.rallel to the other 
fibres in the particle. 
(4. 2) 
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4. 5 ANALYSIS OF JUICE SAIV1PLES. 
The methods of analysis used are 
summarised below: 














Bausch & Lomb precision refractometer. 
Horne I s dry lead method. 
Glass electrode pH meter. 
Reduction of ferricyanide (Comrie 1970). 
Method de scribed in I Laboratory Manual 
for S. A. Sugar Factorie s I (S. A. Sugar 
Technologists Assoc. 1962). 
Dionic conductivity meter, with temperature 
o 
compensation (conductivity at 20 C reported) 
Flame photometry. 
Flame photometry. 
Atomic absorption spectrophotometry. 
Atomic absorption spectrophotometry. 
Automatic potentiometric titration 
(Comrie, 1969). 
Starch-iodine colorimetric method, based 
on method of Alexander (1954), but dissolved 
starch precipitated with alcohol, and precipi-
tate washed with alcohol only. 
Because of the low concentration of reducing 
sugars in the juice samples, the commonly used Lane and 
Eynon method for the deterrrlillation of reducing sugar s could 
not be employed. Instead a method based on the reduction 
of ferricyanide was used (Comrie, 1970) because of its sensitivity, 
accuracy and ease of analysis. As a check on the results obtained, 
the Luff-Schoorl determination was carried out simultaneously on 
a number of juice samples, although the latter method is known to 
• 
be unreliable due to atm.ospheric oxidation of cuprous 
























Agreement is fair. Of the 2 sets of results, 
those obtained by ferricyanide reduction are considered 
to be more accurate. 
CHAPTER 5. 
RESULTS 
The results of this study consist 
basically of two parts, firstly the laboratory mixing 
experiments and secondly the pilot plant diffuser 
investigations. The characterization of bagasse is 
discussed initially, as this is relevant to both 
. laboratory and pilot plant results. 
Experiments on the laboratory 
scale involve a simple physical system, and form a 
convenient entity per se. These results find 
utility as a basis for comparison with the pilot plant 
results. 
Experiments on the pilot plant 
scale are complicated by the hydrodynamics of flow 
through a bagasse bed. Aspects of the flow conditions, 
namely liquid holdup and the occurence of flooding , 
are discus sed prior to the application of the mathema-
tical model to the results, and are utilized to explain 
observations on the rate of extraction. Further, 
parameter estimation from the pilot plant data proved 
to be more difficult, and the methods employed are 
described in relation to the pilot plant results, although 
the same estimation procedures were applied to the 
laboratory scale data. 
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The prime object of this investigation 
is the development of a mathematical model which 
will enable accurate prediction of extraction on the 
plant scale, and allow the choice of optimum oper-
ating conditions. Thus the extractions achieved in 
the pilot plant diffuser hav e little importance in 
this investigation. Sucrose extractions achieved 
are therefore briefly presented,with reference to 
the effect of the operating variables on extraction. 
Finally, the results of investigations 





5. 1 BAGASSE CHARACTERISATION 
The effectsof the quality of bagasse on 
diffuser performance may be broadly classified as :-
1.. Macro-effects, related to particle size, 
shape and size distribution, which affect 
packing density, liquid holdup and the 
maximum obtainable percolation rate, and 
ii. mic ro- effects, in which the effect of the 
structure of the bagasse manifests itself 
in the rate of extraction. 
Both macro- and rnicro- effects are sig-
nificant in the extraction process. Thus methods of as-
sessing preparation should ideally account for both the 
macro-effects,relating to the performance in a bagasse 
bed, and the effect on extraction on the mic ro-scale. 
However, the diverse nature of bagasse referred to in 
section 2.2 has thus far prevented the attainment of this 
ideal facility. 
In this investigation, sieve analysis and 
Dr have been used as measures ci preparation. 0 the r 
methods of characterisation were considered; the 
use of air classification (elutriation) in a vertical column 
in partic ula r was extensively investigated. This met hod 
was found to be inefficient and les s reproducible than the 
methods used. Consistent feeding of bagasse into the 
air stream proved to be a major difficulty; Herdan (1960) 
has confirmed that this is the major experimental problem 
associated with this m.ethod. 
Thus characterisation of bagasse was re-
stricted to the two methods mentioned above. For the pur-
poses of this project, in orderto give a more comprehen-
sive desc ription of the type of bagass e us ed in these ex-
perilnents, a direct particle evaluation was undertaken, 
in which particle sizes and aspect ratios of individual 
particles were measured, and the results related to 
sieving tests . 
5. 1. 1 Visual Ob::; ervations On 
Pre~ared Bagasse 
Some brief observations on the nature of 
the bagasse employed arc given in order to supple -
ment quantitative inforrnation which is generally In-
adequate for a complete description of bagasse. 
Photographs of bagasse subjected to the 
four types of preparation are given in Figures 5. I 
to 5.4. Preparations PI and P2 are similar in 
nature; in both cases, nearly all the larger particles 
consist mainly of rind material, with some softer tis-
sue attached in some cases. These particles show 
signs of having been compi'essed in the I st mill. The 
larger particles of PI preparation appeared to be 
roughly 8 cm long, although longer particles have 
been observed. P2 preparation showed clearly that 
the m.aximum particle length was dec reased to about 
6 cm. Pith material appeared to be present in the 
form of small balls and flake s. 
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Preparations P3 and P4 showed a high 
degree of fibre separation, i. e. most of the sugar 
containing cells had been stripped from the fibres. 
This was particularly noticeable with preparation P4. 
Pieces of rind could be discerned in P3 bagasse, and 
although there still appeared to be a number of long 
fibres, maximurn fibre length was reduced to less than 
5 C1TI. 
Prepared bagasse was also studied under a 
microscope. The material was first boiled in KOH 
solution to remove the contents of the cells, which ren-
dered the bagasse soft and spongy. The bagasse par -
ticles could then be compressed under a coverslip 
without damag e to unbroken c ells. Nile Blue was us ed 
as a stain to outline the cell walls prior to observation. 
It was hoped that an estimate of the num-
bers of broken and unbroken cells could be obtained 
from microscopic examination. This proved to be a vir-
tually impossible task, and it was felt that no quantita-
tive information could be obtained in this way. However, 
some observations are r eported. 
• 
• 
! ' i ~ ::> . l. Pho tograph of ba~a , prepa ration type PI 
• p .l.ge l 11 
• 
• 
I·' i ~.! . 2. Phot ) raph o[ bagass e, p re p;} rrtL i o n t jJl: P2 
• pa ge 115 
Vig S . 3. Phot g raph of b g s ' e , I r par tio n lype P3 
• 
J. ' in 5. 4. Photogra ph of ba gas s • pre paration type P4 
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Small particles of pith ( - 1 mrn) showed 
that all cells had been ruptured. Complex paths be-
tween broken cells could be traced. SOlTte unbroken 
ceHs were apparent in the interior of slightly larger 
pith particles ( - 3 mm), possibly as a result of the 
cushioning effect of the outer cells. Parenchyma 
cells attached to single fibres were generally all 
ruptured. However, in some particles \vhich had a 
number of closely spaced fibres traversing them, a 
relatively high proportion of intact cells could be dis-
cerned, presumably shielded during preparation by 
the surrounding fibres. This effect was less notice-
able with the finer preparations employed. 
As regards the extent of cell rupture, 
therefore, it would appear that a good preparation 
should aim at as high a separation of individualfibres 
as possible. 
5.1.2 Sieve Analysis 
The results of any sieve analysis are very 
dependent on the exact procedure followed. Errors 
which can be introduced in sieving are well covered by 
Herdan (1960). Two important sources of discrepan-
cies over which the experimenter has control are the 
effect of sieve loading and the sieving time. These 
were investigated in the sieving of bagasse by Huletts 
Research & Development staff prior to the commence-
ment of this project, and their recomm.endations were 
followed, as outlined in section 4.4.3. The maximum 
loading of the small sc reens consistent with adequate 
resolution was found to be - 30 gdried bagasse. This gen-
erally dictated the total sample size to be sieved; 
loading of the coarse screens was not critical in the 
range of sample siz es us ed. It was found that longer 
sieving times led to higher efficiencies, which is to be 
expected. However, it was felt that the advantage to be 
gained from higher efficiencies obtainable with longer 
sieving tin1es was not warranted at the expense of 
longer time requirernents. 
It is obvious at the outs et that sieve 
analysis can only yield relative results, which 
can be used for comparison purposes, providing 
the same sieving conditions are consistently 
adhered to. In sieving bagasse, it was found 
that low sieving efficiencies were obtained. The 
rough irregular nature and high elongation (length / 
breadth) ratios of the particles were a contributory 
factor. Furthermore tangling of fibrous particles 
with each other and with the screen aggravated the 
situation. 
Sieving results in terms of cumulative 
weight % retained on each sieve plotted against 
sieve aperture size using log-normal co-ordinates 
are shown in Fig. 5. 5 Typical results for each of 
the four methods of preparation, applied to the same 
cane, are shown, together with corresponding values 
of Dr. The results do not plot as straight lines, but 
show changes in slope. These changes in slope 
correspond with the change from coarse to fine 
screens which suggests that they reflect differences 
. in the two sieving procedures. 
This was investigated further as follows: 
any particle retained on one of the coarse sieves 
which could have passed through the sieve was 
pushed through by hand, while sieving of the finer 
particles was continued for a further thirty minutes. 
The original distribution and the modified distribu-
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tion obtained by this procedure are shown in Fig. 5.6, 
marked as AA and BB respectively. The modified 
distribution is a close approximation to a log-normal 
distribution. Fig. 5. 6 shovls the results applied to a 
sample of P2 preparation; similar results obtained with 
the other preparations as well. 
5. 1.2. 1 Repres entation of Particle 
Size from Sieving. 
The results of sieving tests were represented 
in three ways: 
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i. The average particle thickness, dpT' 
as used by Foster &. Hill (1966), was calculated 
i. e. 
d PT = 
1 
100 
The values of xi used in this equation were chosen 
according to the results of direct particle measure-
ments (see section 5. 1. 4) and are given in section 
4.4.3. It should be noted that values of dPT are 
weighted in favour of the larger particles. 
ii. A charact.eristic particle diameter dc, 
was obtained from a log-normal plot of the 
cumulative size distribution. Referring to Fig. 5. 6, 
the straight line portion of the curve AA was extra-
polated to AI; the x co-ordinate of the intersection 
of the line AA I and the 50% horizontal was taken as 
the characteristic particle diameter, dc, which 




Plotting the distribution curves from sieve analysis in 
this way yields more information than calculation of d PT 
only. Fig. 5.5 has demonstrated the re1at.ive efficiencies 
of the two sieving stages, and in addition, the slope of the 
line AAI in Fig. 5.6 yields additional information in the 
form of the standard deviation, a g , which is a potentially 
useful quantity. Figure 5. 5 shows that the spread, and 
hence a g decreases with finer preparations. 
iii. A measure of particle surface area is 
desirable for use in correlating mass transfer 
coefficients which are dependent on the rnass transfer 
area. Herdan (1960) has reported that the specific 
surface (area per unit weight), S, may be obtained from 










where p is the solid density in g/ em, xi refers 
to the mean particle size of the corresponding size 
interval calculated as the weight or volume average, 
and as and Oy are surface and volume shape 
factors respectively. For spherical particles, the 
ratio as / av = 6 and is higher for particles of 
any other shape. Shape factol's could not be 
estimated for bagasse particles according to normal 
methods (Heywood, 1947), because of their 
unusual and irregular shapes. However, if it can 
be as sumed that the ratio of shape factor s remains 
constant, equation (5. 1) could find utility in 
providing relative values of the specific surface. 
In order to obtain order of magnitude estimates of the 
specific surface, it was assumed that as / a v = 6 p . 
Then equation (5 . 1) becomes: 
w. 





(5. 2) = 
X. 
1 
The additional factor of 1000 is necessary to express 
values of S in mm2 / g. Values of Xi were calculated 
from sieve aperture sizes according to the equation of 
Mellor as given by Herclan (1960), a n d are tabulat 2d in 
section 4. 4. 3. 
The specific surface is similar to the 'finenes s 
index' introduced by Behne given in equation (2.1). 
Values of S are weighted in favour of small particle sizes. 
If the size distribution is approximately log-
normal, Herdan (1960) has shown that the specific 
surface, S is given by 
log S = log as 
avp 
2 
- log x g' + 1.151 log a g 
w.her: x g ' is the geometric mean of the weight 
dlstnbutlOn. Values of S calculated from this equation, 
using d c as an approxim a tion to x g ', and the same 
value of as / a v as SUlll e d above, are compared 
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s (equation 5.2) 
Campa rison of d iffe rent met hods of calculating 





in Figure 5.7. Values of S from equation (5.3) are con-
sistently higher by "" 300 mm 2. / g for the coars er prepar-
ations. This discrepancy disappears with fine preparations 
where the amount retained on the coarse screens is too 
small to aff ect values of S significantly. The agreement 
between the two methods of calculation lends weight to the 
hypothesis that bagasse particles follow a log-normal distri-
bution. 
5.1.2.2 Reproducibility_ 
The reproducibility of sieve tests has been dis-
cussed by Herdan (1960) and Heywood (1947) who show that 
results are very sensitive to slight changes in technique and 
equipme nt. Table 5.lshows results of repeat determinations 
made on subsamples of the same bagasse. 
Table 5. 1 Reproducibility of Sieving Tests 
Sample A SamEle B 
d c dpT S d c d PT S 
(mm) og (mm) (mm 2 /g) (mm) Og (mm) (mm2/g) 
PI 2. 94 3.0 5.14 3170 2. 98 2.8 5. 27 3020 
P2 2.07 2.6 3.71 4320 2.60 2.9 4.08 3830 
P3 1. 41 2. 3 2.19 5740 1. 48 2. 3 2.45 5450 
P4 0.97 2. 1 1. 20 8090 0.94 1.9 1. 16 7980 
Discrepancies reflect variable amounts of particle 
interaction and errors du e to sampling. The large difference 
between the values for P2 in Table 5.1 show that in some cases 
results can be erratic. Apart from the fact that tangling does 
not always occur to the san1e extent, the presence of one or 
more abnorrrlally large chunks of cane in the sample can affect 
the results adversely. To overcome this latter problem a 111uch 
greater sample size would be required, which would necessitate 
sieving in parallel and suitably combining the results of two or 
more deterlninations. 
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This applie s in particular to the calcula-
tion of dPT sioce its value is v cry dependent on the 
amount retained on the large sc r eens. On the other 
hand, the calculation o f S is Je s s affected by the 
amount retained on the coarse screens, and so ap-
pears to be a more attractive method of represent-
ing sieving results. 
5.1.3 Displac eability 
Index. 
Displac eability Index (DI) is an approxi-
mation to the fraction of the juic e in bag;:;. sse which is 
present in broken cells (expressed as a p e rcentage). 
Since the test is carried out at roorn t e rnperature, 
juice in unruptured cells is not extracted, since un-
ruptured cell walls are permeable to sucrose mole-
cules only at elevated temperatures (see section 2. 5) . 
Equilibrium between extract and juic e is only obtained 
after 1 t hours (Markham, 1969), but after 30 minutes 
the approach to equilibrium is slow. This indicates 
that all juice in broken cells is not easily extracted, 
and that some of the sucrose has to find its way by dif-
fusion through broken cells to the extract. As long as 
a standardised time is chosen for the duration of the 
Dr test, it should provide a reliable measure of the 
availability of juice. As such, Dr should account for the 
quality of bagasse on the micro-scale, and so furnish a 
guide to expected extraction performance. 
Dr tests were carried out in duplicate, and 
both r e sults were invariably within 1% of each other. 
The determination of Dr is more 3.ccurate and reliable, 
and les s dependent on experirnental technique than sieve 
analysis. 
5.1.3.1 Relation between DI and 
Particle Size 
Markham (l969) showed that, with the types 
of bagas se preparation used in this project, DI is a func-
tion of particle size, obtained from sieve analysis, of 
the following form 
DI m log dp + C (5.5) 
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where the value of the slope, m is negative, and 
d is a mean particle size. This suggests that 
IR could also be used as a measure of particle 
size. 
The relation between DI and particle 
size was therefore investigated further. A good 
linear correlation between DI and d c could be 
demonstrated but a significantly improved corre-
lation was obtained in the following form: 
DI = A dc
n 
The form of correlation of equation (5. 5) 
(5. 6) 
also improved on a simple linear correlation. Fig 5. 8 
shows this data for the 1970/71 season (series D-H). 
The straight line in this figure represents the best 
least squares . line, with values of A and n equal to 
91. 6 and -0.308 respectively. A high correlation 
coefficient of -0.932, with 57 degrees of freedom 
(Volk, 1958) indicates a very significant correlation 
p «0.01. 
However, the standard error in DI 
predicted from equation (5. 6) is 5. 1 %. Further, 
if each preparation is investigated individually, and 
a similar correlation attenlpted, values of the 
correlation coefficient drop considerably, so that 
for each type of preparation individually, no 
significant correlation between DI and particle 
size can be obtained. Thus a significant corre-
lation is only obtained over a range of particle size 
much wider than would ever be realised in practice. 
It is to be expected that higher values of 
DI would result from more finely prepared bagasse, 
since a higher degree of preparation implies a 
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of DI is la:cgely influenced by the efficiency of 
the first mill in. separating juice from fibre. 
Theoretically, t,vo diff crent mill s produc ing 
bagasse of the same shape and size could yield 
vastly different values of DI, depending on the 
amount of jUlce removed in the mill. In this 
case the mill yielding a higher extraction would 
result in bagasse of a lower Dr. As such it is 
unrealistic to expect DI to furnish a nleasure of 
particle siz e. 
An equally good correlation between 
DI and specific surface, S, similar to equation 
(5.6) was obtained, with values of A and n equal 
to 2.104 and 0.422 resp e ctively. These relations 
of the form of equation (5.6) have utility only in 
comparing other types of preparation with those 
employed in this investig ation. 
5.1.3.2 Observed differences in preparation 
betweerl seasons. 
------~ 
Data obtained in the 1969/70 season 
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(C series) could also be correlated according to 
etiuation (5.6), but with significantly different 
values of A and n . This is surprising since 
reference to section 4.4.1shows that no significant 
changes to the cane preparation equipment at Mt. 
Edgecombe were made b e tween this and the 1970/ 
71 season. There was, however, a slight change 
in cane quality, as the cane for the latter season 
experienced drought conditions in the fields, and 
this cane had a noticeably increased trash content. 
Average va.lues of DI, dC,og' dPT and 
S are given in Table 5.2 for the two seasons; N 
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Table 5.2 
The average values of d c and dPT are 
shown in Fig. 5. 9. The data suggest that some 
change in the quality of the bagasse has occured, par-
ticularly with finer preparations, since no change 
was ma.de in the methods of preparation. 
Fig. 5. 9 indicates in addition that DI and d c 
obey the functional form of equation (5.6) better than 
DI and dpT' 
5.1.4 Evaluation of particle size and shape 
In order to furnish a more complete des-
c ription of the bagas se employed, direct measurement 
of individual sizes and aspect ratios of particles of I st 
mill bagas se (PI) was undertaken. Such direct particle 
measurements are ideally applied to particles of 







too great a size range (Herdan, 1960). Under these 
conditions, it is usual to measure the projected dia-
meter or Martin's or Ferret's statistical diameters 
(Heywood, 1937). Heywood (1947) has shown how 
shape factors of roughly uniform particles can be es-
timated, to enable calculation of particle surface or 
volume from the projected diameter. 
Bagas s e particles are not well suited to 
this method of particle size determination. The 
shapes and sizes are highly irregular, with a wide 
size distribution.In particular, the use of the projec-
ted diameter was considered to be worthless, since 
a long thin fibre could give the same values as a 
small pith particle. 
It was decided instead that measurement 
of breadth, length, and thicknes s of the particles 
would yield more meaningful information. These 
quantities were measured according to the definitions 
of Heywood (1937). The breadth is the basic dim e nsion, 
taken as the minimum dis tance between two parallel 
lines tangential to the proj ected outline of the particle 
when in its most stable position. The length is the 
dista nce betwe en tangents to the projected image per-
pendicular to the breadth, and the thicknes s is the 
distanc e betw een two planes tangen tial to the particle 
surface in the same plane as the proj ected image. With 
these definitions, the breadth is the basic dimen sion 
which determine s whether the particle will pass though 
a given screen or not. 
The methods employed are d esc ribed in 
section 4.4 .. 4. 
Fig. 5.10 show s a typical projection of 
bagas se particles, magnified 10 times. This illustra-
tes the varied and irregular particle shapes. Individual 
cells are clearly disc erni ble in thin pith particles . . 
Only preparation PI was evaluated in this 
way; it was hoped to apply this procedure to the other 
types of preparation as well , but it proved to be far too 
tim.e consuming. In carrying out these measurements, 







Fig . 5. 10. Typical photographic projection of baga s se 
particles. Preparation P2, bagasse retained 






(all prr1ides on the top screen without exception) ongma-
ted from the rind or the nodes, i. e. the tougher parts of 
the cane stalk. In addition, it was obs erved that a large 
amount of dry leafy luaterial was retained on the coarse 
sieves. 
In Table 5. 3 average values of the breadth, 
elongation ratio RLB, and the flakiness ratio RBT are 
given tog eth er with the aperture size of the screen on 
which the particles were retained. The ratios RLB and 





Particles in the residue (-42 mesh) were 
not measured, due to the very wide range of particle 
size in the r esidue and because the residue comprised a 
very sm.all prop·ortion of the total sample. 
Table 5. 3 
Screen 
Fraction Wt. % Aperture Breadth RLB RBT 
Retained {mm} {mm} 
+2 26.47 10.6 9.87 10.0 2. 1 
- 2/+4 26.73 5.0 6.19 10.0 2. 3 
~4 /+8 12.64 2. 8 3.49 11. 2 2.3 
-8/+1 0 8. 14 1. 65 2.10 4.2 
-10/+16 9.58 1. 00 1. 28 4.4 
-16/+28 9.30 .589 0.78 3.8 
-28/+42 4. 34 . 351 0.45 2.9 
-42 2.79 
The cumulative weight distribution for this 
sample is the PI curve shown in Fig. 5. 5. It should be re-







number and not weight averages. Although fibres 
would have little effect on the weight average, their 
effect on the number average is signific:ant. Values 
of RBT are the least accurate in Table 5. 3, due to 
the difficulty sometimes experienced in measuring 
the thickness of very thin particles. 
Values of RLB are much greater than 
those of most materials subjected to sieve analysis. 
A striking featur e of Table 5. 3 is the sharp jump in 
values of RLB on passing from the coarse to fine 
screens. This indicates that a very substantial por-
tion of the fibre content is retained on the coarse 
screens 
The distribution of values of RLB on 
the screens is illustrated in Table 5.4. 
The fraction of material with a given ' 
value of RLB drops initially as RLB decreases, 
and . then shows a slight rise in the range of RLB 
from 22 to 40. On the three coarse screens, a 
similar though smaller rise occurs again near 
RLB = 50. 
It was found that those particles retain-
ed, on any particular screen, with a high value of 
RLB invariably had a low value of breadth relative 
to the average on that screen. It is these particles 
which decreas e the sieving efficiency by tangling 
with other particles and with the sc reen. 
5.1.5. Discussion 
It has been shown that bagasse is an 
unusually complex material, consisting of particles 
of varying shape, structur e , and size. Its 'outstand-
ing feature is its fibrous nature, which is illustrated 
by the high values of the elongation ratio of bagasse 
particles. 
It is unfortunate that no means exists 
whereby bagasse can be completely and conveniently 
characterised. Due to variations in cane quality, the 
same method of cane preparation applied to different 
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Percentage of m.aterial of each fraction in specified range of RLB 
Fraction 
+2 -2/+4 -4/+8 -8/+10 -10/+16 -16/+28 
20.4 21. 3 25.2 24.5 73.0 84.5 
24.5 25.1 25.2 13.3 13. 9 5.4 
22.4 19.7 19.0 5. 0 2. 6 3.6 
14. 1 10.8 16.0 4.0 4.4 1.8 
4.0 4.5 3.3 1.0 2. 6 1.8 
12.2 3.5 5.0 2. 6 0.6 
2.0 2. 0 1.3 1.0 0.6 
2. 3 1.0 1.2 
0.3 





















DI is a reliable measurement which 
should find utility in describing the extractability 
of bagasse, but it has been shown that it cannot, 
of itself, account fo r variations' in 'size and ·shape 
which affect the hydrodynamic performance of 
packed beds. 
For this purpose sieve analysis was 
employed. It has been shown, however, that in 
some instances unreliable results can be obtained. 
Furthermore, the results of sieve analysis are 
very dependent on technique, and great care is 
neces sary in the method and execution of sieving 
tests to obtain reliable comparative results. 
Nevertheless, it will be seen later that the sieving 
results obtained can be useful! y employed in the 
correlation of mas s transfer data. 
Other methods of characterisation of 
bagasse were investigated, but no satisfactory 
alternatives were found. In order to obtain a ' 
method of characterisation of bagas se to supplant 
or even supplement DI and sieve analysis, it is 
likely that a far more extensive investigation beyond 
the scope of this project would be required. The 
eventual attainment of a suitable technique should in 











5. 2 LABORA TORY- SCALE 
EXTRACTION TESTS 
page 137 . 
An investigation into the ext r act ion 0 f 
sugar from bagasse agitated in water was carried out, 
with the following objects in mind:-
i. It was envisaged that us eful information on 
the mechanism of extraction could be obtained. 
Mas s transfer in packed beds require s that two ef-
fects be delineated, namely, the basic rates of 
extraction, and the effect of liquid flow conditions 
in the packed bed on these rates. (Semmelbauer, 
1967). On the other hand, this simple system 
should be independent of such system - induc ed 
effects, which would thus permit the evaluation of 
basic rate data from the results. 
ii. In view of the uncertainty associat e d with the 
characterisation of bagasse, it was envisaged that 
experiments of this kind would constitute a labora-
tory testing facility, which could be us ed to charac-
terise bagasse prior to processing in an operating 
plant, in terms of the plant model. In order to do 
this, clearly the models applied to each situation 
should have a common physical basis. These ex -
periments provide a test of the validity of the phy-
sical conc epts employed in the plant model 
in a simple laboratory test rig. 
111. The model parameters obtained from the 
laboratory scale tests should have utility in furn -
ishing a frame of reference, to which pilot plant 
parameter values can be related. 
These experiments covered a range of ternpera-
tures and degrees of preparation of bagass e similar to 
that employed in the pilot plant investigations. Experi-







5. 2. 1 Degree of Extraction 
Typical curves of the brix of the extract 
JUlce as a function of time are shown in Fig. 5.11. 
The effect of temperature is well illustrated. The 
three runs illustrated in this figure were carried 
out on subs am pIes of the same bagas s e, and t h us 
are directly comparable. Significant differenc es 
are shown between results obtained under the same 
conditions, but with different bagas se. This is pre -
surned to be due to a large extent to variations in 
cane quality, and is discussed at greater length in 
section 5. 2.4. 
As expected, extraction expres s ed as the 
percentage of extraction which would be obtained at 
equilibrium increases with temperature and degree 
of cane preparation. The effect of temperature and 
preparation on extraction after fifty minutes mixing 
tim e is shown in Fig. 5. 12. This shows preparation 
to have the greater effect on extraction; equilibrium 






Temperatur e has a significant influence 
on extraction, particularly when more coarsely pre-
pared bagasse is used. However, there appears to be 
littl e advantage to be g;ained from the us e of tempera-
tures greater than 75 C when finely prepared 
bagass e is processed. 
5. 2. 2 Application of 
the Model 
The three parameter model applied to the 
laboratory extraction process is developed in section 
3.3.2. The analysis assumes that both W, the weight 
of extract, and h, the juice holdup in bfigasse are con-
stant. W was evaluated as the quantity of water added 
initially less a small correction for losses due to 
sampling (s ee section 4.3.2). The value of h was taken 
as the amount of juice initially present in the bagasse 
as determined by analysis, less brix free water. 
The sum of squared errors between the 
model ( eqn. J. 22) and the experimental data was 
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Comparison of the model with some experimental data. Solid lines represent the best fit 














by Powell (1964) . This parameter es timation procedure 
is the same as that applied to the pilot plant data; in or-
der to pre s erve continuity , details of the proc edures 
em.ployed are referr ed to in section 5. 5.2. where they are 
discussed with reference to parameter estimation from 
the pilot plant data . 
Fit of the model to the data is s atis factory; 
the fit to some of the data is shown in Fig. 5. 13. It ap-
pears that the model generally predicts a faster initial 
rate of extraction than the data indicate. At the begin-
ning of each run, concentration changes are rapid, and 
it is possible that during this period, juice sampling is 
not repres entative. Sum of squared errors values vary 
generally between 0.001 and O. 005 per data point, indi-
cating a standard deviation of da ta points from the 
model of O. 03 to O. 07. This compares well with a re-
solution of O. 04 on the precision refractometer us ed in 
the measur ement of brix. 
5. 2. 3 Model P arameter 
Values. 
Values of the model parameters obtained 
from least squares r egression are recorded in Table 
5.5. together with other relevant data. Since a much 
smaller amount of bagasse was required for these tests 
(2 kg per run) than for the pilot plant runs, the bagasse 
could be collected from only one consignment passing 
through the milling train. Thus cane variety is also 
listed in this tab"Ie. During a few of the runs, small 
pieces of bagasse were drawn into the circulating pump, 
thereby choking it, and preventing sampling of the juic e . 
Parameter estimation from these runs with an insuf-
ficient nun'lber of experimental points was not attempted, 
which accounts for the missing parameter values in 
Table 5. 5. In these cas es , extraction could still be deter-
mined by taking a sample of the juice at the end of the 
run after fifty minutes mixing time. 
The dep endence of the mass transfer coef-
ficients Kl' and K 2 ' (referring to the rates of extrac-
tion of easily availabl e and more tightly held juice res-
pectively) on temperature and preparation is illustrated 
• • 
tun Cane Temp. Prepa- Fibre 
(oC) :-.ro. Variety ration. 0/0 
Bag -
asse 
'2 mixed 75 PI 31. 8 
'3 376 75 PI 26.1 
'4 75 PI 
'5 50/211 75 PI 32.9 
'8 376 75 P2 29.0 
' 9 60 P2 
'10 85 P2 
' II 310 75 P3 28.6 
'12 60 P3 
13 85 P3 
14 50/211 75 PI 32.9 
15 60 PI 
16 53/216 75 PI 29.9 
17 85 PI 
18 50/211 75 P4 30.9 
19 60 P4 
20 85 P4 
21 55/805 75 P3 28.2 
22 60 P3 
23 85 P3 
• 
Table 5.5 Results of Laboratory Extraction Tests. 
S 
W 




g) (g) (g) . (g / (g / 
0/0 min) min) 
3460 1206 8650 88.7 1510 14.3 
64.2 3310 1347 8650 86.4 1093 16.9 
85.8 1062 14.8 
62.9 3700 1177 8650 88.3 1170 15.3 
71. 1 4060 1275 8650 92.7 1507 19.0 
85.4 1414 9.7 
95.8 1450 28.5 
84.0 1285 8650 97.4 2007 27.0 
91. 1 
97.4 1886 28.9 
67.4 3580 1178 8750 90. 1 1252 15.9 
81. 0 1105 8.5 
68.8 3940 1254 8750 89.5 1088 17.6 
96. 0 1 13 6 24. 1 
90.2 7750 1227 8750 100. 2184 25.2 
96. 2 
101. 2370 30.9 
82.3 6040 1294 8750 96. 9 1660 20.1 
89. 2 1688 9.2 






· 570 .0036 
· 515 .006 9 
.534 .0061 
.554 . 0025 
· 602 · 0036 
· 606 · 0045 
.597 .0035 
· 659 .0024 
· 660 .0026 
.569 · 0031 




.730 · 0011 
.709 .0024 
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Fig. 5.14. Model parameter K
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Fig. 5. 15. Model parameter K 2
' as a function of temperature 
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Fig. 5. 16. Dependenc e of a on Dr 
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. F' 5 14 and 5 15 The mas s transfer coefficients 1n 19S. •• . . .. 
have been normalis ed with respect to the weight of fibre. It 
can be seen that K I is of the order of eighty times larger 
o 1 
than K21 at 75 C, and that higher extraction rates are asso-
ciated with more finely prepared bagasse. Values of K2 I 
vary significantly with temperature, while values of 
Kl' are practically independent of temperature. Solid lines 
in these figures connect valuea obtained from runs using 
subsamples of the same bagass e. 
Values of a shown in Fig. 5. 16 appear to be 
independent of temperature, but a marked dependence on 
displac eability index (Dr) is demonstrated. 
The value of the juic e holdup in bagas se, h, was 
taken as the amount of juice initially present in bagasse as 
determined by analysis, after subtracting brix free water 
(25% on dry fibre). It may be argued that bagasse absorbs 
more water, in which case h would increase with a corres-
ponding dec rease in W. The effect of larger values of h on 
the model parameters was therefore investigated. It was 
found that 
i. A worse fit of the model to the data was obtain-
.ed, particularly over the initial period 
ii. Values ofkl and a were affected very little 
iii. Values of k2 were sensitive to the value of h ,. 
resulting in lower k2 values; nevertheless k2 
displayed the same temperature dependence, 
irrespective of the value assigned to h. 
It will be shown later that only values of k 1 and 
acan be usefully compared with pilot plant data, and that 
absolute value s of k 2 have little significanc e for compari-
son purpos es. Con::; equently, there would seem no point in 
making arbitary corrections to h here. 
5.2.4. Variations due to 
Cane Type & Quality 
It is apparent from Table 5. 5 and Figs 5. 12 and 
5. 14 to 5. 16 that runs carried out under the same conditions 
using bagasse prepared in the same way result in values of 
• 
• 
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extraction and model parameters which differ signifi-
cantly. This can be attributed either to defici e ncies in 
experimental technique or to variations in the quality 
of bagasse. 
Two runs, viz. F3 and F4, were carriedout 
using subsamples of the same PI bagasse at a temper-
ature of 75
0
C. These can be compared with four other 
runs carried out under the same conditions, but using 
different bagasse. Insufficient duplicate determinations 
were made to justify a statistical analysis, but the re-
sults show that the differences displayed between runs 
F3 and F4 are considerably less than the total varia -
tions under these conditions. This is particularly true 
of values of K{ and extraction, which show a variation 
of the order of 10% of the total variation. 
Thus it would seem that the major part of 
these variations can be reasonably ascribed to varia -
tions in cane type and quality. Similar observations 
have been made by Br\iniche-Olsen (1962,1969) in con-
nection with extraction of suc rose from sugar beet, and 
from bagas se. 
5.2.5 Interpretation 
of Results. 
The implications of the model are that the 
mass transfer coefficient kl refers to washing of readily 
available . suc ros e from broken cells and the particle sur-
faces,k 2 refers to a slower extraction process from un-
broken c ells and interior parts of bagas s e particles, and 
that a is the fraction of juice which is extracted by the 
easy washing process. The results will be considered in 
the light of this interpretation . 
Firstly, the mass transfer coefficient kl can 
be thought of as the product of a rate coefficient and an 
area through which m a ss transfer occurs. It is apparent 
from Fig. 5.14 that higher values of Ki are associated 
with finer preparations, which have a higher particle sur-
face area. Values of K{ were divided by the values of S, 
the surface ar·ea/unit weight of fibre, obtained from 
sie·ving tests; . these values are given in Table 5.6, and 
plotted in Fig. 5.17. The change to units of ft. and lb. is 
made to facilitate comparison with pilot plant results. 
Comparison with Fig. 5.14 shows that although the scatter 
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trend with preparation is no longer evident. It is reasonable 
to assume complete wetting of bagasse particles in this system; 
thus it appears that S provides a good estimate of the mass 
transfer area, albeit a relative estimate (see section 5.1. 2.1). 
Table 5.6 
. K'l K' 2 
Run Prepara- S 2 S(1-cd . 2 
No. tion. (lb/min ft ) (lb/mm ft ) 
F2 PI 0.141 0.00345 
F3 PI 0.129 0.00413 
F4 PI 0.126 0.00375 
F5 PI 0.099 0.00288 
F8 P2 O. 131 0.00416 
F9 P2 0.123 0.00215 
FlO P2 0.126 0.00614 
F14 PI 0.107 0.00320 
F15 PI 0.096 0.00168 
F16 PI 0.095 0.00339 
F17 PI 0.099 0.00498 
F18 P4 0.093 0.00434 
F20 P4 O. 101 0.00488 
F21 P3 0.100 0.00416 
F22 P3 O. 101 0.00171 
F23 P3 0.135 0.00529 
A washing-displacement type of process will 
depend on the flow patterns around the particles and the 
extent of eddy current mixing occurring. The mixing 
action in the laboratory tests was considered too vigorous 
to support a liquid phase resistance which might be depen-
dent on molecular diffusion in the liquid. Thus this 
extraction process should be insensitive to temperature 
variations, and dependent only on the degree of eddy 
current mixing (lower viscosity at higher temperatures 
may conceivably promote the process slightly). As the 
speed of rotation of the paddle was constant for these tests, 
the degree ~f mixing should be very nearly constant. 
Values of Ki shown in Fig. 5. 14 are ,sensibly independent 
of temperature, and although Fig. 5.17 suggests a slight 
increase in Kl with tem.perature, such a relation was found 
to be statistically non- significant. These facts provide 




Extraction from interior parts of bagas se 
particles occur s through ce1l walls and along small 
complex - shaped capillary passages within the particles. 
Mass transfer under these conditions must occur 
according to a diffusional type process. The mass 
transfer coefficient referring to this process is a 
combination of a number of factors; higher mass 
transfer rates will be obtained when the mass transfer 
area increases, the diffusion path length decreases and 
the molecular diffusion coefficient is higher. Thus if 






where A is the area, Dm the molecular diffusion 
coefficient and f (1) is some function of the minimum 
dimension of the particle, 1. For a collection of 
particles, the same relation can be assumed to hold 
if some average values of A and 1 are used. 
Reference to Fig. 5. 15 shows that K '2 is 
larger for finer preparations, where A is increased 
(5. 9) 
and 1 decreases; and also that higher temperatures 
favour higher mass transfer rates. As values of Dm 
for the system sucrose-water increase with temperature, 
these facts are consistent with equation (5.9). 
In considering' structure sensitive' diffusion 
of juice through bagasse, Dm in equation (5.9) should 
be replaced by an effective diffusivity (Treybal, 1955). 
This is necessary for 2 reasons; firstly, the path taken 
by diffusing sucrose molecules through capillary passages 
within the particles is tortuous as a consequence of the 
structure of bagasse, and secondly an additional resistance 
is imposed on some of the sucrose mol~cu1es by the necessity 
to diffuse through unbroken c ell walls. Bruniche-Olsen (1962) 
considered the effective diffusivity to be the product of Dm 
and a factor q', which he termed the coefficient of inhibition: 
Deff = (5.10) 
Assuming now that K2 follows equation (5.9) 
and substituting Def£ for Dm in this equation, leads to: 
, 
K2 a: A 9' Dm 
f (1) (5. 11) 
• 
• 
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Now consider two different tem.peratures, 
T and T. The ratio of m.ass transfer coefficients 
1 2 . 
at these two tem.peratures 1S 
Al qll Dm.l f (1 2 ) 
= (5.12) 
K2l (T 2) A2 qz Dm.2 f (11) 
Where subscripts 1 and 2 on the right hand 
side refer to tem.peratures T 1 and T 2' If tests are 
done on the sam.e bagasse sam.ple at two different tem.-
peratures, Al and A2 are equal, as are 11 and 12 , 
Further, Br\iniche Olsen (1962) has shown in experi-
m.ents on sugar beet slices that ql is independent of 
tem.perature, and this can be as sum.ed to hold for 
bagasse as well. Thus q~ = q~ and the relation (5.12) 
becom.es : 
= (5. 13) 
In Table 5~ 7, values of K Z (Td / Ki (T 2) are 
given for those runs where subsam.ples of the sam.e 
bagasse were used at two different tem.peratures. These 
are com.pared with values of Dm.l / Dm.2 calculated 
from. the following relations for the tem.perature depen 
dence of Dm. in sucrose, as given by Br\i.niche-Olsen 
(1962) : 
(5. 14) 
and as given bY . .International Critical Tables (1929) based 
on the work of Oholm. : 
Dm.T = Dm.20 { 1 + .029 (T-20) + O. 005(T_20)2}cm.2 / sec. 
(5.15) 
where T is the tem.perature in °C. 
• 
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Table 5 . 7 Variation of K 2' with Temperature. 
Tl TZ K '2 (T 1) Dmll Dm2 Prepa-
(C) (OC) K'2 (T 2) Eqn. 5.14 Eqn. 5. 15 ration. 
PI 75 60 1. 87 
P2 75 60 1. 96 1. 45 1. 75 
P3 75 60 2 . 19 
mean 2.00 
PI 85 75 1. 37 
P2 85 75 1. 50 1. 28 1. 36 
P3 85 75 1. 07 
P3 85 75 1. 42 
P4 85 75 1. 22 
mean 1. 32 
In spite of scatter in 'the results, it can be seen that over 
00,
the range 75 C to 85 C, K'Z (T l ) I K2 (T ) approximates 
closely to Dmll DmZ" A Student's t test (Volk, 1958) was 
emp10yedto show that K'2 ('Tl) I K'Z (T Z) is very significantly 
different from 1.0 but that there is no justification for rejecting 
the hypothesis that K'2 (T l ) I K'2 (T 2) = Dml I Dm2 · 
This constitutes strong proof for the postulate of a diffusional 
mechanism. 




C, K'Z (Tl) I K'2 (T 2) 
is consistently high~r thq.n values of Dml I Dm 2' The work 
of Bruniche-Olsen (1962) shows that at 60
0
C a significant pro-
portion of the cell walls must still be essentially impermeable 
to sucrose molecules, because a much longer time is required 
to render the cells permeable. Then the assumption that 
q'l = q'2 leading to equation (5.13), is no longer valid, since 
, 0 
the value of q ' at 60 C (ie . q' Z) must be Significantly lower. 
o 0 
Then the value of K'2 (75 ) I K'2 (60 ) more correctly 
represents the quantity q'l Dm 6 I q' 2 D Z· Since q 'z is 
lower, higher values of K'Z (75 ) I K'Z (60 0) are to be 
expected. 
The quantity A I f (1) in equation (5. 11) is not 
related to the specific surface or particle size of bagasse 
particles in a simple way. For instance, very small 
particles, which have a high specific surface, may not 
contain any 'tightly held' juice, to which this extraction 
process refers. Therefore an empirical means of 
correlation was resorted to. It was found that values of 
K'21 S (1 -a ). eiven jn T::lhl", l; h "'h~ _____ ' _ 
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A correlation of the following form 
= 6.83 x 10-
9 T 3. 055 
(5.16) 
was obtained by linear regression, with a correlation 
coeffici ent of O. 95. This relation is shown as the 
solid line in Fig. 5.18. Although statistically this is 
a very significant correlation, on the basis of the pre-
ceding discussion, a discontinuitJ should be expected 
at some temperature betw een 60 and 75
0
C where dif-
fusion from unbroken c ells begins to make a significant 
contribution to extraction. Thus equation (5. 16) does 
not represent the correct tempe rature dependence, but 
is included in order to emphasi ze the significant effect 
of temperature on Ki. 
Values of a obtained do not show a sig-
nificant dependence on ternperature, as illustrated in 
Fig. 5. 16. Dr is used as a measure of the availability 
of juice, and it is logical therefore that a relationship 
between a and Dr exists. It is expected that a should 
be less than Dr (if expressed as a fraction, not a per -
centage), since the Dr test employed is of 30 minutes 
duration during which time diffusion of juic e from 
broken cells in the interior of bagasse particles may 
still occur. 
Simple linear regression yielded the 
best least squares straight line correlation as : 




wh ere the subscript M refers to values ofa obtained 
in these laboratory mixing tests. A correlation 
coefficient of O. 961 with 18 data points implies a very 
significant correlation, p « 0. 01. (Vo1k, 1958). 
It is significant that the correlation be-
tween a and Dr holds in spite of variations in tempera-
ture and cane type and quality. 
• 
• 
These results are substantial 
support for the propos ed extraction model, in-
dicating that the model parameters do in fact 






5.3 PILOT PLANT LIQUID HOLDUP RESULTS. 
5.3. 1 Definition of Holdup Quantities. 
It has become common practice to express the 
total liquid holdup, HT, as a combination of 2 quantities, 
the dynamic and static holdups. Thus: 
= + HS (5 . 18) 
However, i t is apparent from section 2.4 that some con-
fusion exists over what the 2 components of the total holdup 
represent. The static holdup is generally taken to be 
equivalent to the 'adhering holdup', ie. the amount of 
liquid which remains in a packed bed when the bed is 
drained. With this definition, H S depends on the liquid 
retaining capacity of the bed, and is independent of liquid 
flow rate . 
As shown in section 2.4 it is unlikely that 
the 'static holdup' so defined does in fact represent a 
holdup of liquid which is static within the bed, and the 
concept of a static holdup which decreases at higher flow 
rates was suggested t o be more realistic. Since it is 
expected that static l iquid regions will influence mass 
transfer (sections 2.3 and 2.5), it is obviously prefer-
able to employ this concept, which provides some 
measure of the extent of these static regions. 
In a pa'cked bed in which there is no stagnant 
liquid, the response to a puls e input is a Gaussian distri-
bution curve, whose variance is a measure of the axial 
dispersion, provided the bed is not too shallow, or the 
dispersion too large (Leven spiel, 1962a). Then the pro-
duct of mean residenc e time and liquid flow rate 
yields the total holdup, and the static holdup is zero. 
If, however, stagnant regions are present in the bed, 
tailing of the response curve occurs (Hoogendoorn and Lips, 
1965). Levich et al (1967) showed that the response to a 
pulse input if stagnant zones are present, can be represented 




Then the position of the maximum in the impulse response 
corresponds to a residence time 1" given by (Levich et aI, 1967): 
1" = <I> Z I U (5.19) 
where U is the true mean liquid velocity, 
where <I> is the fraction of flowing liquid, and (I - <1» is the 
fraction of liquid ~hich is static. But Z IU is the mean 
residence time, 1"; thus 
1" . <1> T (5. 20) 
Since the product of T and liquid throughput yields the total 
liquid holdup, the product of 1" and liquid throughput yields 
the flowing fraction of the total holdup, i. e. the dynamic 
holdup. This provides a convenient method of measuring 
the dynamic holdup. The time 1" can be considered as a 
dynamic phase residence time; the closer 1" is to 'f, the 
lower is the degree of tailing, and the smaller the static hold-
up. 
Thus HD is defined as the product of 1" and the 
liquid throughput, and HS is calculated as the difference 
between HT and HD' from equation (5. 18). With the se 
definitions of holdup, it is envisaged that the dynamic and 
static holdups should have the physical significance which this 
nomenclature implies. 
The juice ini t ially present in the bagasse is inclu-
ded in the value of HS (and HT ); once irrigation of the 
bagasse occurs, it is impossible to distinguish between inter-
and intra-particle liquid, and both are included in the values 
of HS' Thus :it is expected that HS can never have zero 
values. 
This section presents liquid holdup re sults for 
the pilot plant diffuser, and proposes correlations for the 
prediction of liquid holdup. The methods used to measure 
liquid holdup are given in section 4.2. 4t and experimentally 
determined holdup value s and other related experimental 
parameters are given in Appendix A. 
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5.3.2 Dynamic Holdup. 
Values of HD are shown in Fig. 5. 19 as a 
function of liquid flow rate. This data was obtained with o 
a percolating liquid temperature of 73 C, and a constant 
bagasse load of 125 lb. Higher values are evident at 
higher flow rates, and with finer bagasse preparation. 
There is a certain amount of ov erlap between data using 
different types of preparation. This is not unexpected, 
since it was pointed out in section 5. 1 that the same 
method of preparation applied to different cane can lead 
to wide differences in prepared bagasse. 
In order to establish the flow rate dependence, 
the best fit of the data, for each type of preparation, to an 
equation of the form 
= (5. 21) 
was obtained by simple linear regression (using log trans-
formations to linearize the equation). Values of the con-
st ants and correlation coefficients are given in Table 5. 8. 
TABLE 5. 8. Regression Coefficients for Equation (5. 21). 
Prepa- Correlation Significance 
ration. Coefficient Level 
A n r p 
PI 0.990 0.410 O. 777 < .001 
P2 0.769 O. 514 0.933 < .001 
P3 1. 075 0.492 0.836 < .001 
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The significance levels were obtained from 
tables (Volk, 1958), using the number of degrees of 
freedom and the value s of r. For all preparations, the 
effect of flow rate is very significant. The equation for 
each type of preparation is also shown in Fig. 5. 19. 
5. 3. 2. 1 
Flooding. 
The occurrence of flooding is treated more 
fully in section 5. 4; it is nec e ssary here to point out 
that the occurrence of flooding limits the maximum 
obtainable flow rate. In a full- scale diffuser, the con-
dition of over-flooding, where flooding occur s to an 
extent where liquid builds up above the top of the bed, 
is an undesireable operating condition, which has a 
detrimental effect on performance.. Any lower flow 
rate, which leads to partial or complete flooding, with-
out the build-up of liquid above the surface of the bed, 
is an acceptable operating condition. Thus, in the pilot 
plant experiments, any run where over-flooding occurred 
was rejected because it represents unrealistic operation. 
Moreover, a pool of liquid on top of the bed would affect 
the tracer tests. 
Data from runs where flooding occurred, but 
without the formation of a liquid level above the bagas se 
bed, are included in Fig. 5. 19. This data showed no 
distinguishable differences from data obtained under non-
flooding conditions. 
5. 3. 2. 2 Effect of Bed Height . 
Most runs on the pilot plant were carried out 
using a bagasse load of 125 lb. in the diffusion vessel, result-
ing in a bed height of 2. 5 - 3. 0 ft. A series of 30 runs was 
carried out with bagasse loads varying between 75 lb. and 
175 lb. with a spread in bed heights of 1. 6 to 3. 8 ft. 
Since holdup is affected by flow rate and bagasse 
preparation, a serie s of 10 runs was carried out at the same 
flow rate and temperature, and using the same type of pre-
paration, but with different bagasse loads. The data is shown 
in Table 5. 9. 












Effect of Bed Height on Liquid Holdup. 
Test Conditions: Flow rate 37. 6 'lb/min ft
2 
o 
Temperature 73 C 
Preparation Pl. 
Z HD HT 
(£t) 
q 3 
(lb fibre/ft ) (lb/lb fibre) (lb/lb fibre) 
1. 98 4.40 5. 22 8 .. 98 
2. 85 4. 57 5.69 8.78 
1. 71 4.08 5.07 8. 67 
3.48 4.67 5. 56 8.66 
2. 13 4.40 4.87 8.40 
2. 63 4.46 5. 16 8.31 
1. 75 4.16 4.94 8. 78 
3.60 4.71 5. 22 8. 28 
2. 56 4.44 5.22 9.22 
3. 00 4.55 5.02 8. 24 
HS 
(lb/lb fibre) 
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Each pair of values represents 2 runs carried 
out using subsamples of the same bagasse. Within each pair, 
it appears that generally a higher value of HD is associated 
with a greater bed height. However, linear regression 
analysis yield s a correlation coefficient to o low to claim any 
association between HD and Z. 
Closer sc rutiny of this data revea ls that higher 
bed heights lead to higher values of the fibre density , q, 
presumably due to compaction under a greater load. Thus a 
dependence on bed height may be interpreted as an effect of 
density of packing, as higher packing densities result in a 
greater number of particle contact points per unit volume. 
5.3.2.3 
Effect of Temperature. 
Values of HD at temperaturesother than 73
0
C, 
if superimpo sed on Fig. 5. 19, suggest that HD is indepen-
dent of temperature. Because of the scatter in this data, 
this cannot b e utilized to confirm the temperature independence 
of HD. As in the previous section, a series of runs were 
carrie d out with constant conditions, but different temperatures. 
This data is shown in Table 5. 10. 
BLE 5. 10 .. EFFECT OF TEIvt"PERATURE ON LIQUID HO~DUP • 
Test Conditions: 
. 2 
Flow rate 44. 6 lb/min ft 
Preparation PI 
Bagasse Load 125 lb. 
Temperature q HD HT HS 
un No. (oC) (lb fibre/ft
3
) (lb /lb fibre) (lb /lb fibre) (lb/lb fibre) 
2 74 4. 53 5. 36 9. 23 3. 87 
3 88 4. 64 4.81 flooding 
4 89 4. 54 5. 25 flooding 
5 67 4.47 5. 36 9. 55 4.19 
6 67 4. 63 4.71 8. 99 4. 29 
7 81 4. 78 4.71 8.49 3. 76 
8 81 4. 57 4.58 . 8.84 4.26 
9 60 4.46 4. 36 9. 60 5. 23 
4 74 4.42 4. 77 9. 61 4. 83 
5 60 4.32 5.40 10.49 5. 08 
6 8. 56 3. 65 
"1:J 
89 4.62 4.90 Pl 
(JQ 






This data confirms the absence of any 
depend ence of HD o n temper a ture. 
It is possible to obtain an estimate of 
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the expected change in HD with temperature from the 
equations which have been proposed for correlating 
dynamic holdup. Estimates of the ratios of HD at 
temperatures of 60, 73 and 90
0
C are given in Table 5. 11 
from published correlations which were discussed in 
section 2. 4. 2. 1 
Table 5.11. Dependence of HD on temperature 
from published correlations. 
Ref erenc e. HD(60) HD(60) HD(73) 
HD (73) HD(9 0) H D (90) 
Otake &: Okada 
( 1953 1.035 1. 066 1. 030 
Gelbe ( 1968) 1. 030 1. 057 1. 027 
Jesser &: Elgin 
(1943) 1.025 1. 047 1. 022 
Mohunta &: Laddha 
(1968) 1. 050 1.098 1.046 
Shulman et al 
(1955b) 1.044 1.088 1. 042 
Davidson (1959) 1.064 1. 126 1. 059 
MEAN 1.040 1. 080 1.038 
This t able shows that higher values of 
HD are expected at lower temperatures. Although a change 





a change is not shown by the data in Table 5. 10. However, 
Table 5. 10 shows that higher values of the fibre density are 
obtained at higher temperatures, which on the basis of the 
results in section 5. 3. 2. 2, would imply slightly higher 
values of H D . Thus, at higher temperatures, it appears 
that the 2 effects of temperature and packing density effectively 
compensate each other with the result that values of HD are 





5.3.2.4 Correlation of Dynamic Holdup Data. 
Dimensional analysis leads to the following 
r e lation for HD (Mohunta & Laddha, 1965): 
= f (Fr / Re , Re) 
Alternatively, with the same independent variables, 
it can be shown that: 
HD = f (Re, Ga) 
(5.22) 
(5.23) 
The form of equation (5. 23) has generally found wider 
acceptance, and c an also be derived from theoretical 
considerations (Davidson, 1959). Consequently, all HD 
data was subjected to multilinear regression analysis, 
assuming a relation of the form of equation (5.23). The 
multilinear regression procedure used in this and following 
sections is described in appendix F. 
Values of Re and G a used in this study are 








The value of aT' the packing surface area/unit 
volume of packed bed, was calculated as the product of 
sRecific surface, S, and fibre density, q, and expressed in 
ft2 / ft3. Since S is a relative measure of specific surface 
(see section 5.1. 2.1) , values of aT, ReI and Gal are not 
directly comparable with values of these quantities for packed 





Regression analysis yielded the following equation: 
0.41S G -0.338 
HD = l8S.l ReI al (5. 26) 
In order to assess whether HD predicted from this equation 
is independent of Z and q ,these 2 variables were included 
in the regression set. This showed that q as well as ReI and 
Gai are significant variables, resulting in the equation: 
HD = 990 ReI 0. 46S Gal -0.361 q -1. OlS (5. 27) 
where q is expressed in lb. fibre/ft 3 . This procedure does 
however establish that HD is independent of bed height. 
Equation (5. 25) suggests that the dynamic holdup 
to be used in such a correlation may be better expressed as a 
volume fraction, since the exponent on q is so close to unity. 
Thus, using the following definition: 
HD q 
p 
the following correlation is obtained: 
hD=19.8 Re
O. 478 Ga- 0 . 379 
1 1 
which is independent of both q and Z. 
(S. 28) 
(S. 29) 
A standard error for each correlation was calculated as 
2 
""( y - Y J 
standard error = [ L NY / ] 
1 
Z (S. 30) 
where y and yare predicted and observed values, and N 
represents the degrees of freedom. The standard error s 
associated with the 3 correlations are 14.8%, 14.1% and 14.4% 
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Clearly there is little to choose between these correlations; 
equation (5. 29) is compar ed with experimental data in 
Fig. 5. 20. 
Mohunta and Laddha (1968) investigated various 
published correlations for ED, and found the average 
deviation from the correlations to vary between 14 . 9% and 
35. 2% . The pr e sent correlations compare favourably. 
The exponent on Re lies well within the range 
reported in the literatur e, i. e. from 0.33 to 0.75 (see 
Table 2.3). In particular the close agreement with the 
value of 0.455 sugge sted by Gelbe (1968) should be noted, 
since he alone allowed for the fact that the static -holdup 
varies with flow rate. Of the corr elations proposed in the 
same form as equation (5. 23), values of the exponent on 
Ga vary between -0.3 and -0.44 ( Table 2.3 ). Again 
agreement with published values is remarkably good. 
In order to investigate more closely the depen-
dence of HD on the individua l experimental parameters, the 
data was subjected to multiple regression analysis, in the 
following form: 
HD = f (L, S, dc, T. q. Z) (5. 31) 
Correlations in terms of significant variables only (5% sig-
nificance level) were obtained for the data for each type of 
preparation separately; for all data excluding the varying 
bed height data; for data at 73
0
C only; and for a ll data. 
This yielded the following r esults: 
1. 
2. 
No significant differences between the 
correlations for each individual type of 
preparation were evident 
In all cases, S was selected as a more 
significant variable than dc, which 
indicates that S is a more meaningful 
measure of particle size. (see sec-
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Temperature was found to be a 
non- significant variable in a1l cases. 
o 
The correlation for all data at 73 C, 
including the varying bed height data , is 
0.00686 
L 0.467 SO. 590 (5. 32) 
with a standard error of 11. 9%. The 
data is compare d with the equation in 
Fig. 5. 21. 
The best correlation for all data is: 
0.478 S 0.691 Z 
-0.120 
0.00314 L 
The standard error in this case is 14.4%. 
The dependence on bed height is surpris-
ing, in view of the facts that (1) Z was 
found to be non- significant at the 5%, and 
o 
even the 95% level for the 73 C data, and 
(2) the dependence on Z is in the opposite 
sense to that expected from the results of 
section 5. 3. 2. 2. This is assumed to 
(5. 33) 
be due to the ob servation in section 5. 3. 2. 3 
that the same values of HD are obtained at 
higher tempera tures, but at a greater bed 
density, i. e. lower bed height. Clearly 
such an inverse dependence on Z is at 
variance with the varying bed height data; 
the form of equation (5. 33) is therefore 
doubtful, p a rticularly as the standard error 
is considerably higher than for equation 
(5. 32). The use of dimensionless 
variables is obviously to be preferred, and 
equation (5. 29) is to be recommended 
ded for prediction purposes. 
The correlations of equations (5. 32) and 
( 5. 33) include data where partial flooding 
occurred (but not over-flooding). The 
exclusion of this data has a negligible effect 
on these correlations, with changes in the 
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5.3.3 Total Holdup. 
Higher values of HT were obtained with finer 
preparations and higher flow rates, as illustrated in Fig. 5. 22. 
In addition, higher bed heights and temperatures generally 
resulted in lower v alue s of HT' 
Total holdup is not a primary variable, but was 
determined in order to obtain v alues of HS ' Nonetheless, 
HT is a directly measured quantity which may find utility 
for design purposes; as such a correlation in terms of the 
operating variables is desireable. 
The occurrence of flooding (excluding excessive 
flooding runs, which were r e jected) precluded the measure-
ment of H T . Flooding was gene rally observed to be 
progressive, .with the liquid l e vel in the bed rising 
continuously throughout a run (but sometimes stabilizing 
before the end of the run). This was associated with a 
continuously increasing value of H T , and so the measure-
ment of a steady state value of HT was precluded. Since 
HS is the difference between HT and H D , this implies 
in addition that values of HS are also not determined 
under the se conditions. 
5.3.3.1 Correlation of Total Holdup Data. 
Reported measurements of HT in the literature 
are scarce; the only reported investigation (Shulman et al 
1955) gives the relation: 
n 
a: L (5. 34) 
where n is a function of packing size. Thus an empirical 
means of correlation was resorted to, resulting in the 
equation: 
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Fig. 5. 22. Total liquid holdup as a function of li~id flow rate. 
Data shown r epresent operation at 73 C with an 
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Fig. 5. 23. 
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This correlation is compared with experimental data in 
Fig. 5. 23; the correlation is good, and is associated 
with a standard error of 5.6%. Once again, bed height 
was found to be a non- significant variable, with fibre 
density accounting for the observed apparent bed height 
dependence. Also S was again included as a more 
significant variable than dc . 
5.3.4 Static Holdup. 
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Measured values of static holdup are shown 
in Fig. 5. 24 for the data obtained at 73
0
C, with a 125 lb. 
bagasse load. Lower values of HS are obtained at higher 
flow rates, and with finer preparations. The effect of flow 
rate was again investigated by finding the best equation of 
the form: 
HS (5.36) 
for each type of preparation. Values of A, n and significance 
level are given in Table 5. 12 . 
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Static liquid holdup as a function of liquid flow 
rate. Data shown represent operation at 73 0 C 
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All data except the PI data show a significant 
dependence on flow rate. Scatter in these values is greater 
than shown by values of HD and HT. This is preswnably 
due to the fact that HS is a derived quantity, the difference 
between HT and HD' Further, Shulman et al (1955) 
reported that whil e HD is dependent on packing size only, 
HS varies with packing material and packing shape as well . 
The data in Table 5 . 9 indicate that HS is lower 
with greater bed h eights (or higher fibre densities). This is 
illustrated in Fig . 5. 25. The bold line through the data 
represents the least squares line. 
= -1.212 q + 8.83 (5. 37) 
A correlation coefficient of - O. 69 indicates that this relation-
ship is significant at the 5% level (Yolk, 1958). 
The dependence on packing density can be 
interpreted as follows: at highet' packing densities, the 
interstices between adjacent particles are smaller, so that 
each flow path supports a lower volumetri c flow rate than 
in a less dense bed. Thus at the same flow rate, the 
number of flow paths must increase. Then more of the 
contact points bet ween particles, where static liquid is re-
tained, must serve as transfer route s for flowing liquid, so 
that the static holdup is decreased. 
Table 5. 10 shows that HS is significantly lower 
at higher temperatures; this data is shown in Fig. 5. 26, 
which also shows the least squares straight line: 
HS = -0.0389 T + 7. 18 (5.38) 
This relation is significant at close to the 1% level. 
From equation (5. 38), the ratio of HS at 60 0 C 
o 
to the value of 90 C can be calculated as 1.30. From 
equations proposed by Shulman et al (1955 b), for the effect 
of fluid propertie s on HS, the same ratio is predicted to be 
less than 1. 10. However, the data of Table 5. 10 show that 
higher fibre densities occur at higher temperatures, so this 
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Fig. 5.25. Dependence of static liquid holdup on fibre packing 
den sity. Data sh0t'n repr e sent ope ration with 
L = 37. 6Ib/min. f t , at 73°C, with preparation type PI. 
Solid lines conne ct data obta ined using subsamples of 















Fig. 5. 26. 
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TEMPERATURE °c 
Dependence of static liquid holdup on temperature. 
Data represent operation at L = 44.6 lb/min. ft 2, 
with bagasse preparation Pl. Solid lines conne ct 







5. 3. 4. 1 
Correlation of Static Holdup Data. 
Few attempts have been made to correlate 
static holdup measurements. These have been outlined 
in section 2. 4. 2, but lack the generality required for 
them to have any utility in this case . 
Because they found HS to be a function of 
packing shape, Shulman et al (1955) resorted to purely 
empirical means of correlation. A similar procedure 
was followed here, to obtain a correlation in terms of 
easily measured experimental parameters. 
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Multiple regression analysis applied to all the 
HS data yielded the following correlation: 
= 2390 L -0. 204 
S-0.432 T -0.506 . 
This is compared with experimental m.easurements in 
Fig 5. 27; as expected, the standard error is greater 
at 16. 0%. The independence of HS on q indicated by 
the regression analysis is unexpected. However, when 
the data obtained at 73
0
C only were subjected to regression 
analysis, the following equation obtained: 
HS = 
426 L -0.213 S -0.361 -0.693 
q 
It appears that since T and q values are correlated to 
some extent (see previous section), the effect of tempera-
ture masks the dependence on fibre density. The standard 
error associated with equation (5. 40) is lower at 14.7%. 
The absence of Z in equations (5: 39) and (5.40) indicates 
that HS is independent of bed height. 
5.3.5 Reproducibility of Holdup Measurements. 
A series of runs was carried out under the same 
conditions of flow rate, preparation and temperature, to 
inve stigate the magnitude of variations which can be expected 
under apparently identical conditions. The measured liquid 
holdup quantities are shown in Table 5. 13. 
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TABLE 5. 13. Reproducibility of Holdup Measurements. 
Test Conditions: Flow rate 
. 2 

































4. 27 7.90 
4.01 8.70 
4.85 8.69 
deviation 0.51 0.53 
s. d. / 















The horizontal line s in the table separate pair s of 
runs carried out using subsamples of the same bagasse. In 
order to test whether the variation within pairs of runs is any 
different from the total variation, an analysis of variance was 







TABLE 5.14 Analysis of Variance for Liquid Holdup Measurements. 




Sum of squares 1.439 0.621 2.060 
Degree of freedom 4 4 8 
Variance 0.360 0.155 
H .S 
Sum of Squares l. 416 0.844 2. 260 
Degree of freedom 4 4 8 
Variance 0.354 0.211 
HT 
Sum of squares 0.847 l. 618 2.465 
Deg. of freedom 4 4 8 
Variance 0.212 0.405 
The variance ratios f or HD, HS and HT are 2. 32, 1. 68 
and 0.52 respectively. All 3 values are less than the value of 
F 4,4, .05 of 6. 39 (Volk, 1958) . Thus the hypothesis that the 
variation between pairs is the same as the variation within pairs 
cannot be rejecte d. 
The same conclusion was obtained for a series of 7 runs 
using P3 preparation, even if the variance estimates for the 2 sets 
of data are pooled. 
This result is unexpected; since particle size and shape 
affect holdup values, it may be ex pecte d that repeat determinations on 
beds of bagasse obtaine d f rom the same subsample should show less 
variation than determinations on differ e nt bagasse samples. The 
magnitude of the variations is fa r greater than could be expected from 
the accuracy of the measur ement techniques employed (see section 
4.2.4). Neverthe less, in t h e ca se of H D, it was shown that the 







This suggests some inherent variability associated with 
packed bed operation. Other workers (Jesser & Elgin, 1943; 
Gunn & Pryce, 1969) have confirmed that the experimental variance 
of measurements in packed columns is an order of magnitude greater 
on re-packing the bed than the experimental variance found on re-
petition without re-packing. Thus it appears that the relative 








5.4 THE OCCURRENCE OF FLOODING. 
The occurr e nce of flooding lirrlits the maximum 
operating flow rate; thi s constitute s a constraint in the 
selection of optimum diffu s e r op e rating conditions and as 
such warrants more tha n c u rsory attention. 
It was poin ted out in section 5. 3.2. 1 that 
flooding is detrimen.tal to performance if flooding occurs 
to an extent where the liquid level rises above the level 
of bagasse. Any state of flooding at a lower flow rate, 
where the liquid level li e s below tha t of the top of the bed, 
is an acceptable operating condition. Thus it is necessary 
to attempt to establish the conditions under which excess 
flooding occurs, so tha t in practice, the flow rate can be 
controlled at some lowe r l evel. Although the existence 
of a liquid level anywhe r e within the bagasse implies 
some form of localis e d flooding, in keeping with the 
objective, t he flooding flow rate, L f , is defined as that 
flow rate which maintain s the liquid level at the top of the 
bagasse bed. The objective can then be re-stated as 
establishing the dependence of L f on process operating 
conditions. 
5.4. 1 General Observa tions. 
It was at once apparent from operation of the 
pilot plant that flooding occurr ed at lower liquid throughputs 
with more fine ly prepared bagasse. This sensitivity to the 
degree of preparation is well known in the operation of fulL 
scale diffusers . These facts are consistent with the 
observation s of Mayo et al (1935) that fl~oding occurs 
earlier with smaller packings. 
Even with the same type of preparation, the 
flooding flow rate appeared to be extremely variable, 
Clearly particle size alone is insufficient to determine 
when floodin g will occur. In addition, experimental 
observations showed that flooding occurred at lower flow 
rate at higher t emperatures, and in higher beds of bagasse. 
The extent of flooding could be observed through 
the per spex window in the diffusion ves sel. Flooding was 
observed to start at the bottom of the bed, followed 
subsequently by the mov ement of the liquid level up through the 
bed. The liquid level was seldom observed to be static 
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generally rising continuously, rapidly at first, and then 
more slowly. A corresponding steady increase in the 
total weight of the column w a s indicated by the load beam 
weight recording. Thus it is clear that the flooding flow 
rate, as defined above, is a function of time, and that the 
flooding flow rate at a particular time will therefore be 
greater than the flooding rate at some later time. Gener':' 
ally, however, when excess flooding did not occur, the liquid 
level had for all practical purposes stabilised by the end 
of a run. 
When flooding occurred, pockets of air were 
often observed within the bagasse bed. In order to estim-
ate the extent of air occlusion during flooding, the 
volume of liquid and fibre within the bed was calculated, 
and compared with the total packed volume. Typical 
results are shown in Table 5.15. The calculation assumes 
values of density of liquid and fibre as 61. 0 and 94. 9 lb/ ft3 
respectively. (See Appendix G). This table shows that a 
significant amount of air is trapped in a flooded bed, and that 
continuous liquid phase operation is not realized. 
5:4.2 Effect of Bed Height . 
Observat:ions of lower values of the flooding 
flow rate with higher packed heights were recorded above. 
It was shown in section 5. 3. 2. 2 that higher bed heights are 
associated with higher fibre densities, i. e. more compac-
tion occur s due to the greater weight of a higher bed. This 
sugge sts that the bed height effect maybe explained in 
terms of density of packing. The fact that flooding was ob-
served to begin at the bottom of the bed, which is expected 
to be the region of greatest local packing density, is con-
sistent with this proposal. 
When liquid was re- circulated through the 
bagasse, flooding was sometimes observed to occur on the 
top of the bed. This is due to the fact that fine pith particles 
were washed out of the bed, deposited on top of the bed, and 
plugged the bed surface. Such an effect has also been obser-
ved on the factory scale; unscreened press water returned 
to the diffuser l e ads to flooding problems due to plugging of 
the top of the be d wi th fine s. 
Such problems can be overcome by screening, 
clarification or other means, and are the concern of the 
factory staff. However, this does suggest that flooding may 
Occur from the bottom of the bed due to the collection of a 
layer of fines at the bottom of the bed. Thus, samples of 
• • • • • 
Table 5. 15 
Estimates of the amount of air trapped in a flooded bed. 
Run Inlet Total liquid Volume of Fraction air 










(lb/ min) (lb) (lb) (ft3) (ft3) 
C33 PI 303 434 36.4 7.49 7.83 0.046 
D39 Pl 250 417 37.4 7.24 8.44 0 . 142 
C34 P2 352 372 33.9 6.46 8. 12 O. 204 
C53 P2 303 491 40. 1 8.47 9. 56 O. 114 
D36 P3 227 416 38. 2 7.22 8. 38 O. 138 













bagas se were taken from the top and the bottom of the 
bagas se after two flooding runs. The se were dried and 
sieved in the normal way; the values of specific sur-
face so obtained are given in Table 5.16, together with 
the value obtained from the subsample obtained for ana-
lysis purposes. 
Table 5. 16 
Run 
Comparison of sieving re sults 
of bagasse samples. 
Values of S {mm2 / g) for samEle from:-
No. Top of bed Bottom of bed Normal analysis. 
Jl 3200 3600 4100 
J24 3400 3100 3600 
It is suggested that the small differences 
between samples reflect only difficulties in obtaining rep-
resentative samples, and that the collection of fines at the 
bottom of the bed does not occur to any significant extent. 
This lends support to the proposal that flooding is initiated 
at a region of maximum density at the bottom of the bed. 
The effect of bed height was inve stigated in 
greater detail by determining L f in two sets of runs, 
where each set consisted of four runs at different bed 
heights, using subsamples of the same bagasse. The value 
of L f was measured approximately eighteen minutes after 
the beginning of a run, thus allowing some degree of stabil-





Table 5. 17 
o 
Effect of bed height on Llat 73 C) 
Bed S 
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L f Run Bagasse q 




















































The data are shown plotted against bed height in 
Fig. 5.28 and against fibre density in Fig. 5. 29. The dis-
placement between the two sets of data illustrate s the 
variable floodi ng rates which can be obtained in practice with 
the same type of preparation. The lower levels of Lf obtained 
in the first se t are associated with a higher value of S. 
It appear s that the dependence of L f On bed height 
may equally be ascribed to a variation in fibre density. 
5.4.3 Effect of 
Ternperature 
The effect of temperature was inve stigated by de-
termining L f at different temperatures on the same bed of 
bagasse. Earli e r work h ad shown that higher temperatures 
result in greater fibre densities, presumably due to the soften-
ing of the fibr e s, leading to a greater degree of compaction. 






























Effect of bed height on flooding flow rate. 
Graphical' representation 'of the data ' in Table 
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Fig. 5.29. Flooding flow rate as a function of fibre packing 







then at progressively higher temperatures. 
Two determinations were carried out on two 
different beds (but utilising bagasse from the same sample). 
The results are given in Table 5. 18, and are plotted in Fig. 
5.30. 
Table 5.18 
The effect of temperature on L f 
Run Temp. Bed L f No. ( °c ) Height q 3 
(ft) (lb.fibre/ft ) (lb / min. ft2) 
K :9 70 2. 52 4.85 90.4 
74 2.52 4.85 92.9 
81 2. 52 4.85 99.6 
87 2.50 4.89 96.1 
KlO 67 2. 60 4.70 79.3 
74 2.58 4.74 78.9 
81 2. 54 4.81 77.0 
88 2. 50 4.89 72.6 
The results show an apparent inconsistency, in that 
run K9 shows an increase with temperature initially before 
dropping off, while KIO displays a continuous decrease with 
temperature. This discr epancy can be explained by consider-
ing the values of fibre density, q, given in Table 5. 18. The 
first three points of run K9 have the same value of q, and Lf 
increases with temperatur e. This may be attributed to less 
flow resistance due to a lower liquid viscosity. At 87
0
C, L f 
drops in accordance with an increase in fibre density. Run 
KlO displays a continuous increase in fibre density. Thus it 
appear s that packing density has a far more significant effect 
on L f than viscosity (or temperature). 
It should be emphasised that the data of Table 5.18 is of an 
approximate nature; obtaining this data entailed draining the 









Fig 5. 30. 
• • 
0 0 
65 70 75 80 85 90 
TEMPERATURE °c 
Effect of temperature on the flooding flow rate. Graphical representation 













a period of some minutes was required between each 
determination to raise the water temperature in the tank 
to the required l evel; then percolation had to be re-
established and stabilised before the next determination 
could be made. Nonetheless, the difference in the levels 
of L
f 
in each run is inexplicable. 
A general explanation of the occurrence of 
flooding can now be made . It appears that flooding occurs 
when the inter -particle space is not sufficiently large to 
permit the requir ed volume of liquid to flow through. An 
increase in th e fibre density re sults in a reduction in the 
inter-particle spaces, and so flooding occurs at a lower 
flow rate. Lower viscosities at higher temperatures allow 
more liquid to flow through the inter stice s, and so flooding 
occur s at a higher flow rate, provided the fibre density re-
mains constant. Generally, however, higher temperatures 
lead to a softening of the fibres which results in an in-
crease in the packing density. This effect overrides the 
effect of reduced liquid viscosity, and so there is an appa-
rent decrease in L
f 
at higher temperatures. 
5.4.4 Prediction of 
Flooding. 
Although the literature abounds with work on 
two-phase flooding in packed columns, the case of single -
phase flooding has been largely neglected. Only one refer-
ence to the latter case (Lavin, 1964) could be found. 
Even if work on single-phase flooding had clearly 
esta blished the conditions under which flooding occurs, it 
might be expected that significant discrepancies between 
theory and practice would exist in this case, for the follow-
ing reasons: 
1. Bagasse consists of particles of a wide 
range of complex shapes and sizes, 
2. Beds of fibrous particles do not follow the 
norrnal equations for the pressure drop in 
packed beds, due to increased static liquid 
within the bed (Kyan et. al., 1970), and 
3. It was shown earlier that a flooded bagasse 
bed contains significant amounts of trapped 







The work of Lavin (1964) can be used as a 
guide in attempting to establish a locus of flooding. He 





= c· (5.41) 
where SF represents a shape factor, E the 
porosity or void fraction and C' is a constant. The ex-
ponent, n, on I-l was found to depend on the value of I-l, 
varying between O. 1 for water, to over 1 for liquids of 
high I-l: This equation can be re-arranged to a more con-
venient form:-
c' (5. 42) 
SF 
This equation shows that L f is strongly depen-
dent on the porosity, or void volume within the bed. Since 
in a bagasse bed, liquid is present in the voids between 
bagasse particles as well as within the particles, the value 
of E; to be used in this equation is not clearly defined. In 
this case, the fibre density, q, furnishes a measure of the 
'openne s s' of the bed, and can be used instead of E ; it is 
inversely related to E • As regards the shape factor, the 
only assumption that can be made is that it is constant for 
all the bagasse used in this study, and can therefore be in-
corporated in the constant. Equation (5.42) can then be re-
written as : 
(S.43) 
If laminar flow exists, it can be expected from 
Darcy's law that liquid velocity, and hence flow rate, is 






takes the value 2. This is considerably larger than the 
range of values reported by Lavin (1964); if turbulent 
or partly turbulent flow exists, it is to be expected that 
n should be lower, as viscous forces playa less impor-
tant role. 
In order to establish the exponent on q, values 
of liquid flow rate for all runs at 73
0
C were plotted against 
the corresponding values of a~m, where m assumed only 
integer values. Fig. 5.31 shows L plotted against aTq3; a 
value of m = 3 yields the best separation between fluoding 
and non-flooding points. The solid points repre sent runs 
where complete and/ or over-flooding occurred. These 
values are listed in Tables 5.19 and 5.17. The semi-solid 
points represent runs where partial flooding occurred, evi-
denced by a liquid level within the bed. The solid line in 
Fig. 5. 31 represents the equation 
= 
0.664 
'2. 1 7 x 1 04 ( __ 1----::-__ ) 
\ a~3 
(5.44) 
The present data shows that, with few excep-
tions, equation (5.44) repre sents a locus between non-
flooding or partial flooding, and excess or over-flooding. 
Thus value s of L should be kept below the value calculated 
from equation (5.44). 
The exponent on q was chosen by visual inspec-
tion of plotted data. In addition the use of aT 2 instead of aT 
in equation (5.44 ) was tried with less satisfactory results. ' 
Thus it is clear that no claim to the functional correctness 
of equation (5.44 ) can be made. However, on the basis of 
the present data, it gives the best representation of the 
flooding locus, and can be used only to estimate when over-
flooding i s likely to oc cur. 
Unfortunately, insufficient values were obtained 
for flooding at temperatures other than 73
0
C, so the depen-
dance on p. cannot be clarified. It would appear, however, 
to be small. . The best assumption which can be made 
is that L f shows the same dependence on p. as that published 
by Lavj.n (1964). In any event, the effect of increased 
values of q at higher temperatures completely overrides the 
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Fig. 5.31. Comparison of proposed flooding locus, equation 
(5.4 4) , with exp e rimentally observed behaviour. 
Flooding locus r epresents the boundary between 
regions where excess flooding occurs . (above locus) 
and whe re accepta ble ope ration attained without 
over-flooding (below locus). 
• • • • • 
Table 5. "19 
Flooding data, 73°C. 
Run L S q a :T a q3 
No. Preparation (lb/min ft2) (mm 2 / g) (lb fibre / ft 3) (ft2 / ft3) T 
--
C33 PI 95. 8 3530 4.64 79.9 7980 
D39 PI 79. 3 3280 4.43 70.8 6160 
E12 PI 62.4 2950 4. 60 66. 2 "6440 
C34 P2 110.8 43 4 0 4. 17 88.4 64 10 
C44 P2 79. 9 3020 4.49 66.2 5990 
C53 P2 94. 2 4152 4.20 85.1 6310 
D36 P2 71. 6 4310 4.56 95.9 9090 
C36 P3 47. 1 7730 4. 58 172.9 16600 
E8 P3 37.2 6860 4. 59 153.8 14900 
C28 P4 38. 2 9080 4.51 200. 0 18400 












Equation (5. 44) i ndic a tes that L f is 
affected to a greater ext ent by fibre density than 
particle surfac e area p e r unit volume. This 
indicates tha t the m e a n p a rticle size can be 
page 199. 
reduced, with corresponding b enefits in extraction, 
without seriously decr e asing the maximum perco-
lation rate, provided t he t ype of bagas se preparation 
ensures an open bed of low fibre density. 
5.4.5 Fibre Pack ing Density. 
Discus sion of liquid holdup and flooding 
results has shown the important effect of the fibre 
density of a bagasse bed on the liquid hydrodynamics. 
In view of this, a stati stical regression analysis was 
performed as outlined in Appendix F, in order to 
establish the factors w hich affect the fibre density. 
When PI data only were considered for 
the analysis, it was found that the fibre density q is 
dependent on Z, a, S and temperature (5% signifi-
cance level). A re~res sion equation was obtained, 
with a standard error of 3. 5%, which indicated higher 
values of q with highe r values of the 4 independent 
variables mentioned above. This confirms the con-
clusions drawn earlier that the value of q is larger 
when greater bed heights are employed (due to the 
greater compacting load) and at higher temperatures 
(due to softening of the fibres). In addition, higher 
values of q are favoured by finer bagas se, and a 
greater standard deviation of the particle size distri-
bution. 
When the data for all types of bagasse 
preparation obtained at 73
0
C only were analysed in 
the sam e way, a appeared as the only significant 
independent variab~e . This indicates that a is the 
most important single variable influencing th~ fibre 
density, a n d substantiates the conclusions of Sohn & 
Moreland (1968) that the value of ag defines the value 






a log-normal size distribution. 
However, when all the data obtained were 
subjected to the same analysis, none of these independ-
ent variables proved to be significant at the 5% level. 
This can only be assumed to be due to the observation 
that the data obtained at temperatures other than 73
0
C 








5. 5 APPLICATION OF THE MODEL 
TO PILOT PLANT DATA. 
Once a rnathematical model of a process has been 
postulated, it is necessary to establish whether the model 
is capable of satisfactorily representing the experimentally 
determined behaviour of the process. The fulfilment of 
this requirement is in itself an insufficient criterion for the 
adequacy of the model. In the formulation of the model, 
some physical significance of the parameter s is implied. 
The 'best fit' in some sense of the model to experiment 
yields corresponding values of the parameters, which will 
be dependent on the experimental process conditions. The 
validity of the formulation may be assessed quantitatively 
by the relationship between the magnitudes of the para-
meters and values anticipated on the basis of a physical in-
terpretation of other related experimental findings. 
In Chapter 3, the model was formulated for the 
pilot plant situation, which resulted in a relation between 
the concentration of sucrose in the percolating liquid as a 
function of time, position in the bagasse bed, and the three 
model parameters (equation 3 . 26). This enables compari-
son between Cj predicted from equation (3. 26 ) and 
measurements of the sugar concentration in the juice from 
the outlet of the diffusion vessel. Typical experimental 
data is shown in Figs. 5.32 and 5.33 . . 
This section is cO~1cerned with details of the com-
putation procedures, the degree of fit of the model to ex-
perimental data, and parameter estimation procedures. The 
values and behaviour of the model parameters follows in 
section 5. 6. 
5. 5. 1 C alcula tion 
Procedures 
The input to the function evaluation routine consis-
ted of the liquid flow rate, brix % bagas se, the juice hold-
up in bagasse, H, and values of the model parameters. The 
value of H was c a lculated from the value of the static holdup, 
less brix-free water, calculated as 25% of the fibre content. 
(see section 2. 1. 2; 2. ) 
Ideally, measured and predicted values of C· should 
be expressed as mass fractions. In practice, brix vilues 
were used, where brix represents the concentration byweight 





• • • 
51 \ I \ I I RJ I P L I KI V I KZV II a I I I 
41 • .. C 12 P 1 58·6 28·5 2·64 ·333 1----+-----1 
\ >< ° D48 P 1 31·4 24·3 7·94 ·201 
~ 
oob \ 
I A I C 251 P 3 I 31·2 1 36'71 1·71 I ·632 








" • 1t------~rl_-------~~----~------~ 
o 
• 'f~?- I ~ e. -0-0 x 
2 
eO. A A I ' 
~"". A ° ° _ ° -O~ A I --~ __ °,-0_0 0 __ .
. I .-•. _ 9 A ' ---X- , 9-
4 
1 • I .--~--~ ~- ~ ~ '1-
6 8 
TIME t l 
10 
mins 
12 14 16 18 
Fig. 5. 32. Compa rison between typical pilot plant expe rimental data and model predi ctions. Solid line s 
























• • • 
• 
., 
RUN P L x 
Ox \ '\ x E14 P1 48-4 
)(~ '0 • C19 P3 31-2 \X,\ -~ 0 C35 P2 48-1 
o O~i.. . o 'e 
\ '. \Z, ~ o /" _ •• 
o \ "'-0 
\ x '" o \. 
. ~~ ~ 
-~"-, ~ . 
o o ........ ~'x i. 
o"o~~_o •• 
~~:::::::--'t I ---. I ---..- ~~~x ~ --·-~-St . f-----O-,-~-~--, 
2 4 6 8 
TIME t' 
10 12 14 
mins 
K,V K2V a 
38-4 4-01 -486 
28-6 1-04 -743 
22-4 2-72 "419 
x , 
16 
Fig. 5. 33. Comparison between typical pilot plant experimental data and model predictions. Solid lines 

















Computation of the function given in equation 
(3. 26 ) was complicated by the necessity to evaluate 
the integrals numerically. Nume rical integration was 
carried out using the library program, GQUAD, of the 
Department of Chemical Engine e ring, University of 
Natal. The program performs the integration over a 
specified time interval using a five-point Gaussian quad-
rature. The integration is rep e ated with a Gaussian 
four-point formula; if these do not agree within a speci-
fied error, the time interval is halved and the procedure 
repeated until the error criterion is satisfied. 
In the evaluation of the double integral of 
equation (3 .26 ), it was found unnecessary to check 
the integration procedure in this way. This is understan-
dable when it is considered that the value of this term was 
generally < 5% of the two single integrals, and often < 1 %. 
Bessel functions were evaluated using polynominal 
approximations given by Abramowitz and Stegun (1965). 
5. 5. 1. 1 Checks on 
Calculation Procedure s 
A number of computations were carried out which 
served as a check on the accuracy of the calculation proce-
dures employed. Firstly, it was established that inter-
changing the values of Kl and K 2, and replacing the value 
of a. by (1 - a. ), led to identical values of the function C '. 
This is not obvious from the form of equation (3 . 26 ), b~t 
is consistent with model formulation. Further, this 
indicate s that the parameter space must contain two 
minima; ' since the basis of the model implies that Kl» K , 
this at no stage led to confusion as to which minimum 2 
repre sented the required parameter values. , 
Secondly, the 'concentration of sugar in 
bagasse, C
b 
' is given by : 






Using this, equations (3.17 ) to (3.19 
be combined to yield 
oC oC. 
b = J 
o e o N 










In order to obtain the average value of C in the 
bagasse bed, both sides of the equation (5.46)neefto be 






This :c.elation furnishes two alternative methods 
of calculating C ,fir stly by calculating C
b 
from equations 
(3. 27 ), (3 . 28
b 
), and (5.45) and integratmg numerically 
with respect to N, and secondlY by calculating C. from 
equation (3.26 ) and integrating numerically with respect to 
e Values of C computed in the two different ways 
were found to agree w~thin 0, 05%. 
These findings confirm the accuracy of the calcula-
tion procedure s employed. 
5.5.2 Parameter Estimation 
Values of the model parameters were obtained from 
the 'best fit' of the model to experirnental data. The minimi-
sation procedure outlined by Powell (1964) was utilised for 
this purpose. This is a 'direct search' method, which unlike 
the 'gradient methods', doe s not require calculation of 
derivatives of the model with respect to the parameters. This 
method was initially chosen for its simplicity, and because 
the calculation of derivatives would be extremely complex. 
Powell claims that when this minimisation scheme is applied 
to a quadratic form, it causes conjugate directions to be 






convergence is rapid when the method is used to mini-
mise a general function. In this case, Powell's method 
was found to be eminently suitable. 
The form of the function to be fitted is complex, 
so that the time involved in function computation was 
vastly in excess of that required to organise the search. 
Box (1966) has shown that the number of function 
evaluations requir ed by Powell's method is close to the 
number required when two diffe rent I gradient methods I 
were applied to the same problems, if each derivative 
computation is considered equivalent to a function 
computation. Time requirements on an ICL 190 I-A computer 
for each function computation and for complete conver-
gence were of the order of 30 seconds and 30 minutes 
respective ly. These times varied considerably, depend-
ing on the number of data points per run and the initial 
estimates of the parameters. 
Only minor modifications were made to the 
search procedure as outlined by Powell (1964). Firstly, 
with poor initial estimates of the parameter , it occasion-
ally happened that the second derivative of the function 
(assuming a quadratic form) was negative, in which case 
the procedure was terminated and re - started with new 
initial estimates of the parameters. 
Secondly, a simplified convergence procedure 
was employed. Powell has outlined a comprehensive con-
vergence criterion which was reported to always yield the 
required accuracy, although it causes many unnecessary 
function evaluations. In this case, when an iteration caused 
each variable to be changed by less than the required ac-
curacy, provided a n ew direction was defined by the 
iteration, convergence was assumed. The adequacy of this 
criterion was confirmed by initiating the search procedure 
from a number of different points in the parameter spa"ce. 
Final parameter values well "within the required tolerances 
confirme d that the ultimate convergence rate is better than 
linear. 
5. 5. 2. 1 Best fit criterion. 
Initially, the best fit of the model to the pilot 
plant data Was obta ined by minimising the sum of squared 
errors, ¢ 0 , where 
cI> 
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where y. and C.. refer to observed and predicted values 
of the ohtlet jui1e concentrations respectively. It was 
found, however, that 4>0 was insensitive to the value of 
K V. The val ue of K
2
V has the greatest effect on values 
of t. at longer times; thus 'a normalised sum of squares 
funJtion, 4>2' was tried: , 
= 
2 2 
""(y. - Coo) f y. 
L 1 J1 1 
(5.49) 
This, however, gave too much weight to points 
with low values of y .. which adversely affected the fit to 
1 




= \' (Y1' - Coo) fy. t J1 1 (5.50) 
was employed, which did not jeopardise the fit to the 
initial data points, but significantly improved the sensiti-
vity to the value of K2 V. This is illustrated by smaller 
confidence limits, and is discussed in section 5. 5.4. 
In most case s, a good fit was obtained, and 
visual inspection showed little difference in the quality of 
fit whether 4> or 4> 1 was employed. As expected, the 
use of 4> 1 gcPve a better fit to the data points at longer 
times. It was found, however, that the 'best values' of the 
parameters were affected by the choice of 4> or 4> as 
shown in Table 5.20. 1 0 
From Table 5. 20 it is evident that values of K V 
are sensitive to the criterion of be st fit. This will be 2 
elaborated on when confidence limits are discussed. 
(section 5. 5.4). 
5. 5. 2. 2. Correction for transient 
flow conditions. 
Parameter estimation was complicated some-
what by the tansient flow conditions in the initial stages of 
each pilot plant experiment. The model assumes plug flow 
through the bagasse bad, which implies that at e = 0, i. e. 





C12 PI 28.5 
E14 PI 38.4 
D34 P2 29. 6 
C25 P3 36.7 
E3 P3 24.8 
• • 
Effect of Criterion of Best Fit on Parameter Values. 
Min i "m: is in g ~ Minimising 






2. 64 O. 33 O. 042 0.068 28. 6 2.82. 0.33 
4.01 0.49 O. 155 0.087 38. 2 3. 39 O. 52 
1. 58 0.6', 0 O. 159 0.075 29. 6 1. 07 O. 64 
1. 71 O. 63 0.210 O. 258 37.3 2. 74 O. 58 





























appears at the bottorn of the bed, the outlet flow rate 
irnrnediately as surning a value equal to the inlet flow 
rate. Practically, this situation is not realized. The 
outlet flow rat e builds up gradually to its final value as 
shown in Fig. 5. 3.4. . These tr a n s ient flow conditions 
are associated with a sinking and consolidation of the 
. bagasse bed, and a l:uild-).lp of liquid holdup within 
the bed.: Thus the starting tirne is not physically well 
defined. 
Clearly, two approaches are possible. 
Firstly, a rnore sophisticated rnodel of the transient 
conditions could be developed, or secondly, the sirn-
plified plug flow rnodel could be used as an approx-
irnation to the real situation. The forrner approach is 
unattractive since an accurate representation of the 
transient conditions would result in a rnathernatically 
intractable function, which would yield no additional 
useful inforrnation. 
Initially, the effect of the starting tirne on 
the pararneter values was investigated. The starting 
tirne is expressed as a correction, t c ' to be subtrac-
ted frorn recorded tirnes, t' , having as an arbitrary 
zero, the tirne at which the first liquid appears at the 
bottorn of the diffuser. . (see Fig. 5. 34.). Table 5.21 
shows that the choic e of starting tirne has a significant 
effect on pararneter value s, so that care should be 
taken in as signing a value to t . c 
Three approaches were investigated. 
Firstly, it was hoped that the sensitivity to starting 
tirne would be overcorne by utilising the slope of the 
experirnental points near t' = O. If equation (3.26 ) 
is rearranged and derivatives with respect to e are 
taken, it can be shown that, for e = 0 : 
o t [
C. 




Thus In (I - Cj/~o) was plotted against tirne, and it 
was found that in a nun'lber of case s, a straight line 
could be drawn through the fir st four or so experirnen-
tal points. The slope of this line yields an experirnent-
ally determined value of the l e ft hand side of equation 






TIME t mins 
Fig. 5.34. Schematic representation of transient flow condition 
in the pilot plant diffu se r. Value of tc defined by 
equation (5. 54) . 
• • 
Table 5. 21. Effect of starting time correction on model parameter values 
L 
Run No. Preparation (lb/min. ft 2) L KIV K 2 V 
0'. <Ill tc ~ c 
C12 PI 58. 6 0.47 28. 5 2.64 O. 33 O. 068 O. 17 
D44 PI 43. 6 O. 75 38. 2 2.14 O. 55 O. 091 o. 19 
D34 P2 43. 6 O. 68 29. 6 1. 58 O. 60 O. 075 0.40 
C25 P3 31. 2 O. 83 36.7 1. 71 O. 63 0.258 O. 64 
D 54 P4 22. 2 1. 32 29. 0 2. 33 o. 79 O. 165 O. 60 
I 
• 
KIV K 2V 
36.7 2.96 
49. 6 3. 36 
32.5 1. 73 
40.9 2. 44 
31. 4 4. 54 
0'. <Il 1 
0.40 O. 080 
o. 66 O. 094 
o. 66 O. 098 
O. 68 o. 239 













[ In (1- 5:.u ] 
C
bo 
(5. 52) SLOPE = 
at 
in equation (5.51 ) and rearranging l eads to 
= I ex HF (SLOPE)- (5 . 53) 
Thus for any given values of SLOPE, Hand F (from 
experiment), Kl V is completely determined by values 
of K V and ex • The starting time is most likely to 
affect values of Kl V which have an important effect at 
the beginning of a run when the washing-displacement 
process is op erative . It was anticipated therefore that 
the use of equation (5. 5::: ) would to a large extent free 
the parameter values from this starting time dependen-
cy. However, although this sensitivity was reduced it 
was still significan t. 
A modification to thi s method was made, 
whereby the starting time was introduced as an addit-
ional variable. Thus K2 V, ex and tc were varied to ob-
tain the best fit of the model to the data, with Kl V 
determined by equation (5.52, ). This procedure worked 
satisfactorily, but was eventually abandoned, since a 
reliable value of SLOPE could only be obtained for less 
than half the experimental runs. Even small discontin-
uities in experimental data at small values of t f (e. g., 
see curve A, Fig. 5.35 ) precluded a reliable e stirnate 
of the slope in these cases. 
The second approach employed was to intro-
duce tc as an additional parameter, thus requiring the 
evaluation of 'four parameters . A simila r procedure was 
followed by Dra per et. al. (1969), who intr'oduced an . 
'extra parameter in the form of a trme 'lag, "i:h the: esti- ' 
mati on of reaction rate constants. The time lag was 
introduced to represent unknown time lag between the 
actual starting time of a reaction and a chosen 
arbitrary origin. 
This 'extra p aramete r method ' was regard-
ed as unsatisfactory for a number of reasons. Firstly, 
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an additional parameter must necessarily improve the fit, 
but may lead t o overparameterisation with a consequent 
loss in physical significance of the model parameters. 
Secondly, values of tc obtained sometimes displayed 
erratic behavi our, differing widely from value s obtained 
"in the preceeding approach using the initial slope. Thirdly, 
the function minimised, <P I/n(where n=number of data 
points) involved discontinuities as tc changed sufficiently 
to include or discard an additional data point. This 
seriously jeopardised the rate of convergence, and was 
not evident in the 'initial slope' procedure. 
The approach ultimately used involved the 
choice of starting time defined by the physical flow con-
ditions. In this case, tc is defined by the relation: 
t' 
F(t'-tc )=! Fodt, 
o 
t' >t c 
where F 0 is the outlet flow rate. 
(5. 54). 
According to this definition, tc is easily ob-
tained by extrapolating the cumulative outflow curve to 
zero, where the intercept with the t-axis yields the value 
of tc' This is illustrated schematically in Fig. 5.34 " . The 
difference between the corrected starting time(t'=tc ) and 
the plug flow starting time (t= T ) repre sents the time re -
quired for the build up of static liquid holdup (see section 
4.2:4.1) 
This method was also applied by Kozicki et. al. 
(1970) to constant- rate filtration studies. A time correct-
ion factor defined in the same way was introduced to 
account for the varying filtration rate in the initial period 
during cake stabilisation. They found that the use of such 
a time correction factor Significantly improved the repro-
ducibility of cake parameter values. 
Apart from the fact that this approach attaches 
a physical significance to t , the values of t obtained in 
this way agreed fairly wellcwith those obtain~d from the 
initial slope procedure. 
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5. 5. 3 Fit of the model to Pilot Plant Data. 
Observed and predicted values of C j are 
shown in Figs. 5.32 . and 5.33 ; the solid lines represent 
model predictions .The figures show only a limited num-
ber of runs s elected at random, but are sufficient to 
demonstrate the very satisfactory agreement between the 
model and experimental data. Resolution on the precision 
refractometer used for brix measurement was O. 04, al-
though readings could be estimated to within 0.02. 
In some cases, the experimental points show-
ed an erratic trend (for instance, curve B, Fig. 5.35 ). 
It is obvious that the form of the model is incapable of 
describing such data. The results of this particular run 
represent the most extreme case. Nevertheless, 
similar though less severely abnormal behaviour 
occured, particularly with finer preparations, at low flow 
rates, and generally when higher temperatures were em-
ployed. This is presumed to be due to the consolidation of 
the bagasse bed, which would lead to a random establish-
ment of new flow paths and blocking off of other flow paths. 
This is expected to be more serious at low flow rates 
where wetting efficiency is low and the total number of 
flow paths is ·smail (Davidson-, 19:59). 
On occasions, high values were obtained for 
4> 1 min. (the minimum value of 4> 1)' which were found 
to be due exclusively to erratic data. Such data, and the 
corresponding parameter values were rejected. As a 
general rule, where 4> 1 min was >0. 6, the results were 
rejected, and for 4> 1 min < 0.45, all results were 
utilized. Runs with intermediate value s of 4> 1 min were 
accepted if the model predictions and the data showed the 
same average trends (by inspection). Otherwise, the re-
sults were rejected, as it was felt that the parameters 
were not representative of stabilised op e ration, which 
might lead to unnecessary scatter in parameter correla-
tions. 
The number of runs rejected is shown in Table 
5. 22.Minor discontinuities (e. g. curve A, Fig. 5.35) did 






Table 5. 22 
Number of runs rejected due to erratic 
b ehaviour of experimental data. 
Prepara- Total No. 
No. of runs rejected at 






PI 74 0 0 0 
P2 21 1 0 1 
P3 33 0 S 2 
P4 16 1 4 2 
5. 5.4 Confidence limits on parameter v alue s. 
An estimate of the accuracy with which the para-
meters are determined is necessary if it is envisaged that 
these results be applied to full scale plant operation. 
In the non-linear regression case, the normal 
methods of estimating confidence limits do not apply 
(Draper & Smith, 1966). In this case, approximate confi-
dence regions can be defined as the region enclosed by <P , 
o where 
<P = <P • [ 1 + _.=.:m:.:=..-
o 0 mIn n-m 
F (m, n-m, I-P)] 
(5.55). 
where n = number of observations, m= number of pa~a­
meters. This provides approximate 100 (l-p) % confidence 
regions. The contour so dete rmined is a proper correct 
confidence contour, and it is only the probability level 
which is approximate (Draper & Smith, 1966). Thus we may 
write 
<P /¢I =. 
o omln. 
1 + m F (m, n-m, I-p) 
n-m (5.56) 
Approximate 95% confidence regions were determined for a 
number of runs, assuming that equation (5. 56 ) holds also for 
¢II / ¢II min . The confidence regions in this case are 3-
dimensional, and sectional drawings through <PI • are 











/- t'-.. minimum cD, 
( 0?l 
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when the ellipses (or approximate ellipses) are obliquely 
orientated with the axes, a dependence between the two 
parameter s is indicated (th e parameters a re correlated). 
The size of the contours i ndicates the relative precisions 
. with which the paramete rs are determined. 
Figs. 5.36 and 5.37 indicate that little or no 
correlation between K1 V and K2 V, or Kl V and a. exists. 
However, it can be seen from Figs. 5.3 8 and 5.3 9 that 
K2Vand a. are correlated, and that this degree of asso-
ciation is more pronounced with P3 and P4 in particular. 
It appears that with approximately 95% confidence, Kl V 
and a. are generally determined to within approximately 
10%, although this figure is greater with P4 preparation. 
K2 Vis determined to within approximate ly 30% for PI 
preparation, but it appears that this figure is much great-
er with fine preparations, particularly P4 again. 
Fig. 5.39 shows the contour of 4> as well as 
4>1 ' calculated from equation (5.56). This sgows clearly 
that the confidence region is much smaller for the func-
tion 4> 1 ' so that 4>1 is far more sensitive than 4>0 to 
the value of K2 V, which, as stated in se ction 5. 5. 2, is 
the reason for the use of 4> 1. It can be seen that the 
use of 4> 0 results in the minimum moving down the valley 
in the a. - K2 V plane; in any event, the minima predicted 
using 4> 0 will generally be well within the approximate 
95% confidence limits determine d using 4>1' 
The ill- conditioned contours shown in Figs 5~ 38 
and 5.39 did not significantly affect the rate of conver-
gence, although i n general, more iterations were required 
when processing P4 data. It was noted that the search 
procedure generally defined a search direction along the 





5.6 MODEL PARAMETER VALUES. 
The laboratory- scale extraction tests, described 
in section 5. 2, established the mechanisms whereby sucrose 
is extracted from bagasse. The results show that extraction 
can be considered to take place via two parallel mechanisms, 
firstly by a washing-displacement process, and secondly by 
molecular diffusion. These tests were carried out under 
conditions of good liquid- solid contact; however, in a pa cked 
bed environment, it is logical to expect lower contact 
efficiencies, which would be dependent on the flow conditions 
within the bed, and particularly on the degree and type of 
wetting of bagasse particles. This can be expected to 
influence the rate of extraction, manifesting itself in the 
values of the model parameters. 
The mas s transfer system in a diffuser differ s 
slightly from those packed bed systems which have received 
attention in the literature. Under non-flooding conditions, 
film-flow, or trickle flow exists, which is similar to the 
liquid-phase behaviour in gas absorption operations. However, 
the emphasis in gas absorption studies is directed towards 
the behaviour of the liquid- gas interface, while this extraction 
proces s relates to liquid- solid mas s transfer, rather than 
liquid- gas transfer. Under so- called flooding conditions, it 
was established in section 5.4. 1 that a considerable amount 
of trapped air is occluded within the bed. Thus this system 
cannot be treated as a continuous fluid flow system; otherwise 
it might be expected that previous work on continuous liquid 
or gas flow through p acked beds may have relevance in this 
case. Rather, flooding in a bagasse bed should be considered 
as an extension of the film-flow regime. In making compari-
sons with the results of other packed bed operations, these 
differences should be borne in mind. 
Theoretical studies on mass transfer have 
generally been made on the assumption of a particular flow 
condition (usually laminar floW). Such work has utility in 
indicating the functional relationships between the mass 
transfer rate and the flow conditions and fluid properties. 






be envisaged as a network of regions of laminar flow, 
turbulent flow, and stagnant fluid zones. In inter-
preting the behaviour of the model parameters, two 
mas s transfe r coefficients have to be considered. 
The degr ee of turbulence may be expected to influence 
the value of K 1, while stagnant liquid zones are likely 
to affect K 2 , which represents extraction by a diffusional 
mechanism. 
All model parameter values are listed in 
Appendix C. The pilot plant experiments covered a 
wide range of operating variables; this is shown in 
Table 5. 2~, . 












58. 5 - 93.8 
2 
2610 - 9080 mm / g 
1. 62 - 3. 80 ft 
3 
3.8 - 5.0 1b/ft 
In the following paragraphs, the values and 
behaviour of the model parameters are discussed. 
5.6.1 a 
It was shown in section 5.2 that, in the 
laboratory extraction tests, a is a linear function of 
DI, and represents the fraction of juice which can be 
easily extracted. The pilot plant results likewise 
show higher values of a for finer preparations, but 
Fig. 5.40 shows a is a function of liquid flow rate as 
well. The scatter is expected, since it was pointed 
out in section 5. 1 that the same method of preparation 
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Also shown in the figure are the best correlations, for 
each preparation, of the forrn 
ex = 
The levels of significance and values of A and n are 
shown in Table 5.24. This includes only data obtained 
at 73
0
C, with an initial bagasse load of 125 lb. in the 
diffusion vessel. 
Table 5.24 Regression Coefficients for Equation (5.57). 
Correlation Significance 
Preparation A n 
Coefficient p 
PI 0.0412 O. 557 o. 556 <.01 
P2 0.0701 0.496 O. 711 <.01 
P3 0.0700 0.619 0.559 <.05 
P4 O. 358 O. 259 O. 723 >.1 
(5. 57) 
level 
This table illustrates that the flow rate dependence 
is significant for preparations PI, P2 and P3, while this 
dependence is not established for preparation P4, due primarily 
to the small number of data points, caused by difficulties in 
parameter estimation for P4 data. Scatter in the values of a 
is particularly pronounced for finer preparations. The lower 
degree of confidence in these values for P3 and P4 in particular 
(see section 5. 5.4) presumably is reponsible to some extent. 
Generally, the values of a obtained in the 
laboratory- scale tests a M' are approached only at high flow 
rates in the pilot plant. A comparison between values of aM 
obtained from the laboratory mixing tests and the values pre-
dicted from equations (5.57) for each preparation at limiting 






Table 5. 25. A comparison b e tween values of a obtained 
in laboratory te sts and pilot plant runs at 
high flow rates. 


























The lower values of a obtained at lower flow rates 
are indicative of less efficient liquid- solid contact at low flow 
rates. Only at high flow rates is a comparable degree of 
wetting obtained. With preparations PI and P2, aM values 
are approached only at the highest flow rates. With preparations 
P3 and P4, the pilot plant values are higher at high flow rates; 
however, as pointed out above, this data is the least reliable. 
These results confirm the anticipated dependence on liquid flow 
conditions. 
The ratio, a / a M, can be regarded as a measure 
of the efficiency of wetting. Since a M is directly related to 
DI ( equation 5 . 17), a / DI should likewise be a measure of the 
efficiency of wetting, but relates a to the directly measurable 
quantity, DI, rather than the derived quantity, aM. At a given 
flow rate, value s of al DI are higher for finer preparations; 
this is consistent with the observations of Mayo et al (1935) that 
smaller packings are more effectively wetted. 
5.6. 1. 1 Correlation of da ta. 
Values of a obtained from runs at different bed 
heights or at temperatures other than 73
0
C diverge from the 
results shown in Fig. 5.40. In order to correlate this data, 





The parameter a r elates to the quantity of 
sucrose which can be readily extracted. Since this generally 
constitutes sucrose in surface juice which is readily a ccessible, 
a should relate to an effectiv e wetted surface area. 
In other mass transfer operations in packed beds, 
two different mass transfer areas have been investigated, the 
total wetted area, and the effective interfacial area in gas 
absorption (se e section 2.5.2). However, the area of interest 
in this case is likely to be different from the total wetted area, 
since liquid retained in small capillary passages between 
particl es is effective in wetting particle surfaces, but is not 
exposed directly to the flowing liquid. Thus static liquid 
holdup may well decrease the mass transfer area which is 
effectively contacted by the dynamic liquid phase. On the other 
hand, the effective interfacial area in gas absorption refers to 
a liquid- gas interface rather than a liquid- solid interface, but 
does exclude static liquid which is ineffective in the transfer 
process (Shulman et aI, 1963). 
It appear s that the dependency of both the total 
wetted area a w and the effective interfacial area a e on 
liquid flow rate is similar. Seminelbauer (1967) has shown 
that a e is proportional to LO. 455, while Onda et al (1955) 
summarized the results of a number of experimental 
investigations which show that reported values of the exponent 
on L in the case of a w vary over a wide range, with a mean 
of roughly 0. 55. However, values of awl aT increase with 
smaller packings, while values ael aT show the opposite trend 
(Davidson, 1959). · 
In order to corr elate values of a I Dr, investigations 
into awl aT and ael aT furnish a guide as to the significant 
variables to be used for correlation purposes in this case. The 
following relationship is indicated: 
= f ( L, f.l, P , g, aT ) (5. 58) Dr 
Surface tension is generally included as a variable 111. correlating 




to be more significant when a liquid-gas interface is 
consider ed than a liquid- solid interface. In any event, 
the surface tension of sugar cane juices is extremely 
variable, depending on the nature and amount of non-
sucrose components present (VanHook & Biggins, 1952), 
and so surface tension cannot in any event be estimated 
with any degree of confidence. 
Dimensional analysis applied to equation 
(5. 58) yields: 
DI 
= f (Re, Ga) 
Multilinear regression analysis (described 
in Appendix F) of all the a I DI value s yielded the following 
relation: 
DI 
= 0.318 Relo.576 Gal-O.397 
with a standard deviation of 0. 169. The value of the 
exponent on ReI is consistent with those reported for 
awl aT. Moreover, the dependence of a I DI on packing 
size is consistent with that of awl aT on packing size, and 
so a IDI probably approximates more closely to aw/aT 
than to ae/aT' Fig. 5.41 shows a comparison of the 
correlation with experimental data. 
It should be noted that the correlation for 
dynamic liquid holdup shown in equation (5.29) is of the 
(5. 59) 
(5. 60) 
same form as equation (5. 60). In fact, a strong numerical 
correspondence between the exponents in these 2 equations 
exists. From this it may be inferred that a /DI and dynamic 
holdup are _ measures of the same physical quantity. In 
considering the rates of gas absorption and vaporisation in 
packed columns, Shulman et al (1963) found that the effective 
transfer area for each type of process is proportional to the 
holdup of liqui d active for that operation. This suggests the 
use of a phenomenological correlation for a in terms of 
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5. 6. 1. 2 C or relation in terms of dynamic holdup. 
Values of a and a /DI were plotted against 
H D , and are shown in Figs. 5.42 and 5.43. Only data 
obtained at 73°C is shown; the solid lines represent the 
following correlations: 
a = 0.130 HD - 0.226 
a 
DI 
=0.01559 log HD - 0,.00467 
Corr elation co efficients of O. 75 and O. 69 respectively 
imply a significance level in both cases of p <0.001 
(Volk, 1958), with standard deviations of O. 121 and 
0.140 respectively. A semi-log relationship is shown 
in equation (5. 62) only because it appears to give a slightly 
better correlation than a linear or log-log relationship. 
It is evident that data for all types of pre-
paration are well correlated in terms of H D . In Fig. 5.42 
the effect of preparation is included implicitly in H D . 
Since HD represents the liquid actually flowing 
through the bagasse bed, it appears that a depends on the 
degree of active or dynamic wetting, as distinct from static 
wetting. 
This method of correlation effectively accounts 
for the varying bed height data, which are included in these 
2 figures. Values of a were generally found to be higher 
for higher bed heights. This corresponds with generally 
higher values of H D , and so this behaviour is consistent 
with the above results . 
5.6. 1.3 Effect of temperature. 
The correlation in terms of ReI and Gal was 
obtained for all the data, including runs at different temp-
eratures. However the data in Figs 5.42 and 5.43 repre-
sent runs car ried out at 73
0
C only. Data obtained at other 
temperatures show a significant deviation from the corr ela-
tions in terms of H D . Fig. 5.44 shows a series of data 
obtained at the same flow rate but djfferent temperatures, 
with PI preparation. Values of a are higher at higher 
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temperature. It is likely therefore that at different 
temperatures , the differerences in fluid properties 
induce changes in the liquid flow. 
L i quid holdup can be considered as the 
product of a wetted area, and a mean film thickness 
xf (Davidson, 1959). Since it is the wetted area that 
determines the value of a, it is of interest to consider 
how xf and the wetted area vary with temperature . 
Semm elbauer (1967) introduced an I effective 
film thickne s s I , 0 which is defined as: 
= 
2 
( ~) 1/3 
g p 
(5.63) 
T h is quantity has the dimensions of length, and has 
been used as a length parameter by van Krevelen & Hoftijzer 
(1948) and Onda et al (1959) in correlating mass transfer data. 
The quantity xf / 0 is known as the Nusselt film thic1ness 
(Catchpole & Fulford, 1966), and is equivalent to ReI 3 x 
(gravity force / viscous force). Thus it is postulated that 
6 determines the variation in film thicknes s, with tempera-
ture. At higher temperatures, the ratio of gravity / viscous 
forces is greater (lower 0), leading to a thinner film and 
greater spreading of the liquid. Thus the relationship 
between HD and xf changes, so that for the same value of HD' 
xf is lower and the wetted area is greater at higher tempera-
tures. Davidson (1959) also noted that the degree of wetting 
is influenced b y the liquid viscosity, being lower the higher 
the liquid viscosity. 
A n attempt was made to allow for the change in 
liquid spreading characteristics at various temperatures by 
incorporating cS as a correction factor for H D . Values of 
a at a given t emperatur e, T, were plotted against H
D
. x 
o 73 / 6 T ' and are shown in Fig. 5.45. The solid lines 
connect data obtained using subsamples of the same bagasse, 
at the same flow rates but different temperatures. (PI data 
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Also shown are the data plotted against HD only. Clearly 
the trends shown by the data with the 0 correction to HD 
correspond more closely to the trend of the 73
0
C correlation, 
equation (5. 61.) 
The data for all temperatures was subjected to 
regression analysis. The best correlations for a. and 
a. /DI are: 
a. = O. 1 0 1 (HD . 0 / 0 ) 0 0 51 73 T -. (5.64) 
Dr 
= 0.0.125 log (H
D
. 
The multi-linear regression procedure showed these corre-
lations to be independent of bed height, fibre density, and 
temperature. This confirms the validity of the 0 corre-
Ction . for temperature. Standard deviations are similar 
to those found for the 73
0
C correlations, namely O. 128 and 
0.155 respectively. 
The se standard deviations are lower than the 
value obtained from the correlation in terms of ReI and Gal, 
equation (5. 60). In fact, it was found that equation (5.60) . 
does not account as satisfactorily for the effect of tempera-
ture. 
Values of Kl obtained from the parameter 
estimation procedure were found to scatter widely and 
cover a wide range of values. Nonetheless, it was 
clear that in general highe r values of Kl were obtained 
at higher liquid flow rates and with finer preparations . 
. As discussed in section 5. 2. 5, Kl is the 
product of a rate coefficient and an area through which 







For the laboratory scale extraction tests, it is reasonable 
to assume that a is given by the total surface area, aT' 
But in packed bed operation, tl-te value of a is dependent 
on the liquid flow and this assumption does not strictly 
apply. It is however the orily approximation that can 
be used. Consequently, values of Kl/aT (which 
actually represent values of k. a/aT) are shown in 
Fig. 5.46. This results in a considerably improved 
correlation, and effectively accounts for the effect of 
preparation. 
This figure can be compared directly with 
the equivalent values obtained in the laboratory tests, 
shown in Fig. 5.17, since K 1/aT == K1/S. It is 
apparent that only at very high flow rates, of the order 
of 100 Ib/min ft2 , do the values of K 1/aT approach 
the values obtained in the laboratory tests (roughly 
O. lIb/min ft2). Of particular interest is the fact that, 
with finer preparations, the occurrence of flooding limits 
the maximum flow rate, and restricts the efficiency of 
mas s transfer to values considerably lower than can be 
obtained in a well-mixed system. 
5.6.2. 1 Effect of bed height. 
The data i~ Fig. 5.46 represent data obtained 
with roughly similar bed heights (with a constant bagasse 
load of 125 Ib). Values of K 1/aT were found to vary 
significantly with bed height, as shown in Fig. 5.47. 
Attempts to correlate this data in terms of 
liquid holdup proved unsuccessful. It was shown in 
section 5. 6. 1 that the dynamic holdup can be identified 
with mass transfer area; thus it would appear that it is 
the rate of transfer which is affected at different bed heights. 
It was pointed out in section 5. 3. 2. 2. that 
higher bed heights lead to higher values of fibre packing 
density, i. e. a more compact bed. This dependence on 
Z is presumed to be due to the degree of compaction of 
the bed. Because the bed is more compact with greater 
bed heights, the average interstitial spaces are smaller 
with the result that each flow path supports a lower flow 
rate; attention was drawn to this point in section 5.3.4 
in .connection with liquid holdup behaviour. Thus the 
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Since liquid velocity is known to affect the rate of transfer 
fro~ solid surfaces, the values of Kl are lower as a re-
sult. 
In order to try to confirm this hypothesis, an 
average dynamic phase liquid velocity '0 was calculated 
as the quotient of bed height/mean residence time, T . 
Values of Kl / aT are shown plotted against '0 in Fig. 5.48 
for preparation Pl. Again solid lines connect data 
points representing runs using subsamples of the same 
bagas se but at differ ent bed heights. 
It was found that lower values of '0 obtain 
with highe r bed heights. This figure demonstrates the 
dependence of mass transfer rate on the mean velocity of 
liquid flowing through the bed. Higher velocities can be 
expected to promote eddies which result in more frequent 
renewal of surface liquid, ther eby promoting the displace-
ment of surface juice. 
5.6.2.2 Generalized correlation. 
In section 2.5.2 it was shown that mass 
transfer data is generally correlated in terms of the 
Sherwood number, Sh, as a function of Re, Sc, and in 
the case of gas absorption, Ga as well. The data in 
this form was subjected to multi-linear regression 
analysis, with Sh: l as dependent variable, while ReI' 
Sc, Gal,Z and q were considered as independent 
variables in the regression set. It was found that 
only ReI, Sc, and Z are significant variables, leading 





1.150 ScO. 870 Z-0.681 
where Z is expressed in ft. The standard error is 
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Comparison of the dimensionless 
correlation of Sherwood Number , 
equation (s. 67), with experimental data. 
100 
• Page 243 
The inver se relationship between Sh 1 and 
Z follows from the experimental observations. Although 
bed height is not generally included as a variable in mas s 
transfer correlations, Cornell et al (1960) have reported 
a number of investigations where packed height is a 
significant variable. However, this is more likely to be 
due to liquid maldistribution in high packed columns than 
to a change in packing density . 
• 
The value of the mas s transfer coefficient 
used in Sh 1 was calculated using aT and not the true mass 
transfer area a, as pointed out earlier. Thus it may 
be shown that Sh 1 is related to the normally employed 
value of Sh by 
Sh = a 
Thus the exponent on ReI in equation (5.67) includes 
a contribution due to the variation of a/ aT' with flow 
rate. Since it was established that a/ aT is propor-
tional to L to the power of ± 0.5, it can be seen from 
equation (5.67) that the true coefficient is proportional 
to L to the power of ± 0.65. This agrees well with 
the exponent of O. 6 found for liquid-phase mass trans-
fer coefficients in gas absorption (Semmelbauer, 1967), 
and lies well within the wide range of exponents on Re, 
based on the jD factor, reported in the literature. 
(Ergun, 1952). 
The dependence of Sh 1 on temperature is 
indicated by the inclusion of Sc in the generalized 
correlation. The correlation correctly describes 
experimental observations that higher values of K1 are 
obtained at higher temperatures. The dependence of 
the mass transfer coefficient on the molecular diffusion 
coefficient, Dm , has generally been utilized to infer 
the nature of the transfer process. In section 2.5, it 
was shown that a square root dependence is generally 
accepted. Since Dm is contained in both Sh and Sc, 
equation (5.67) implies that k is proportional to D 0.13. 
r ' .' . 4 " • .. (" . m 
The value of the exponent is considerably lower than the 
value of O. 5 which 






can be expected from the surface renewal theory, as 
put forward by Danckwerts{l95l). In addition part 
of the overall temperature dependence is accounted 
for by the variation of a/ aT with temperature. The 
laboratory extraction tests showed Kl to be indepen-
dent of temperature, where extraction by displace-
ment is assumed to occur . Since Kl refers only to 
the transfer of surface juice, it would appear that 
in a bagasse bed a large proportion of the transfer 
occurs by a true piston-like displacement, and that 
only a part of the transfer process occurs by a surface 
renewal mechanism implied by the penetration theory. 
5.6.3 K2 . 
Values of K2 V are shown in Fig. 5.60 
It is clear that no well defined trend with flow rate 
exists, and particularly at low flow rates, scatter is 
considerable. All efforts to correlate K2 in terms 
of flow rate or Re proved fruitless. 
In general, slightly lower values are 
obtained with fi ner preparations. Thus K2/ aT values 
would be even more widely spread. 
In common with K l' K2 includes a contribu-
tion from the area through which mass transfer occurs. 
It has been shown that a , the fraction of juice removed 
by the displacement-washing process, depends on the 
actively wetted area, represented by the dynamic liquid 
holdup. In this case, it can be expected that the static 
holdup, HS, influences the area through which extraction 
by a diffusional mechanism oc cur s. This is substantiated 
by the fact that K2/ aT correlates with HS' An improved 
correlation is obtained by using the group, K2/ aT (1- a ), 
which is sugge sted by the results of the laboratory 
extraction tests, where the same group was used for 
correlation purposes. This correlation is regresented 
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Simple linear regression yielded the equation: 
aT (1 - ex) = 0 . 00580 HS - O. 0 11 7 0 (5. 69) 
A correlation coefficient of o. 6G6 with 70 data points indicates 
that the relationship between the 2 quantities is significant at a 
level of less than 0.1 % (Volk, 195G). 
Clearly, however, the depend'ency 'on HS is not 1ihear. The 
solid line in Fig. 5.51 represents the quadratic equation: 
= -0.00246 
2 
- O. 00 1 78 HS + . 00 I 29 H S 
This figure shows that under conditions of high 
H S' values of K2/ aT (1- a ) are higher, indicating the 
increased role played by diffusion in the extraction process 
under these conditions. 
The varying bed height data are well-represented 
by this correlation, and are included in Fig. 5.51. 
Generally, lower values of K2 are obtained with greater 
bed heights, which corresponds with the lower values of 
HS under these conditions. 
Unfortunately, data obtained under flooding condi-
tions cannot be correlated in this way, since the value of 
HS is not clearly defined under flooding conditions (see 
sect ion 5. 3. 3). The flooding data show no clear trends 
with any of the operating variables. In this case, the 
best e.stimate which can be used for predictive purposes 
is an arithmetic mean. Since only a few re sults under 
flooding conditions with preparations P3 and P4 were 
obtained, a mean value has been calculated from PI and 
P2 values only . Moreover, in practice the type of 
preparation normally employed more closely resembles 
preparations PI and P2. Thus, from 13 data points, the 
mean value is 
= 0.0061 
with a standard deviation of O. 00 18. 
From the laboratory- scale extraction results, it 
was shown that K2 is proportional to the molecular diffusion 
coefficient (section 5.2.5). Although the extraction of 
'tightly held' juice (to which K2 refers) is clearly affected 
by liquid hydrodynamics, it is still likely that the same 







Unfortunately, most of the temperature data show a 
large amount of scatter around the correlation of 
Fig. 5.51, which tends to mask the temperature 
effect. A series of data obta ined from runs at the 
same flow rate, but different temperatures, is shown 
in Fig. 5.52. Solid lines join runs carried out with 
subsamples of the sam.e bagas se. The bottom half of 
the figure shows the uncorrected data, while the top 
section shows the data corrected to 73
0
C, by multi-
plying values of K2/ aT (1- a ) by Dm 73/ Dm T' Although 
in both cases, the data is well to the right of equation 
(5.70), the trend shown by the pairs of data points 
'corrected to 73
0
C in this way is obviously closer to 
that of equation (5. 70). 
It is unrealistic to claim the validity of this 
temperature correction on the basis of a small number 
of data points. However, taken together with the 
results of the laboratory extraction tests, this suggests 
the use of a correction factor for the effect of tempera-
ture on Dm , in order to predict values of K2 from o 
Fig. 5.51 at temperatures other than 73 C. 
5.6.4 Discussion. 
5.6.4. 1 Reliability of Parameter Correlations. 
All the parameter correlations of the preceding 
sections are associated with a large degree of scatter. 
It is necessary to consider how such scatter could arise, 
and whether such scatter is greater than could be expected 
'a priori '. 
Scatt er is likely to arise as a result of three 
factor s: 
i. Variability of cane quality. 
ii. Errors in parameter estimation. 
iii. Inhe r ent variability of packed bed operation. 
• 
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The laboratory extraction tests include only the 
first 2 components. From Table 5.6, it can be calculated 
that for the laboratory data, standard errors represent 
+ 15% of the mean. It was pointed out in connection with 
these tests that most of the variation appeared to be due to 
variations in cane quality. This underline s the fact that 
the nature of bagasse is not sufficiently completely 
characterized by DI and sieve analysis. 
Parameter estimation proved more difficult for 
the pilot plant data; it was shown in section 5.5.4 that with 
95% confidence, Kl ' is determined to within + 10%, and 
K2 only to within ± 30% or more. 
The third component was discussed in section 
5. 3. 5 in connection with the reproducibility of liquid holdup 
measurements. This is further illustrated by the findings 
of Gunn and Pryce (1969) that the principal component of 
scatter in measurements of Pe (or axial dispersion) in a 
packed column was generated on re -packing the column. 
Standard errors of the order of 15% were found for the 
correlations for HD and HS (see section 5.4) 
It is not possible to calculate an expected 
variance from the individual components mentioned above, 
since they are not linearly related to the parameter values. 
Nonetheless, in the light of thes e remarks, observed 
standard errors for the n1.odel parameter correlations of 
20 - 30% do not appear unreasonable. The greater degree 
of scatter in the correlation of K2 is presumably due to the 
fact that K2 value s are les s well determined by the para-
meter estimation procedure. 
5. 6.4. 2 Interpretation . 
It is apparent from the preceding sections that 
extraction is affected by the liquid hydrodynamic s in a 
packed bed of bagasse. Lower values of ex and Kl at low 
flow rates are indicative of lower liquid- solid contact 
efficiencies. It is improbable that this is due to incomplete 
wetting of bagasse particles; because of the hydrophilic 
nature of bagasse, wetting is easily accomplished in spite 
of air trapped in the bed. Moreover ,on emptying the pilot 
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diffuser, and from obs ervation through the sightg1ass 
in the diffuser vessel, no signs of any non-wetted 
pockets of bagasse were evident. Rather, the in-
efficient liquid- solid contacting can be explained in 
terms of the existence of stagnant pockets of liquid 
within the bed, particularly because of the affinity 
of bagas se for water, and since such static liquid 
is expected to be greater in fibrous beds (Kyan et aI, 1970). 
The parameter a, representing the fraction 
of juice which is readily extracted, has been shown to 
depend on the dynamic liquid holdup, and not the total 
liquid holdup. Thus, extraction by displacement-
washing depends on the activ-ey wetted area, and not 
the total wetted area. The existence of static holdup 
indicates that some particle surfaces are not available 
for active wetting. At higher flow rates, dynam.ic 
holdup increas es , while static holdup decreases and 
the rate of extraction is correspondingly improved. 
Zones of static liquid within the bagasse 
bed can be considered to have a 'blocking' effect; thus 
some juice which should be easily washed from the 
surfaces of particles, has to find its way by diffusion 
through the static liquid to reach the flowing liquid. 
The higher values of K2 found for the cases where the 
static holdup is higher confirm the increased role of 
diffusion under these conditions. 
The results of 1aboratory- scale extraction 
tests serve as a useful frame of r efe rence. Because 
of the good mixing between bagasse and liquid in these 
tests, it is to be expect ed that stagnant liquid pockets 
are absent. Only at high flow rates do values of a 
and Kl from the pilot plant data approach those 
obtained in the laboratory-scale mixing tests. This 
indicates tha t extraction is more efficient in a well-
mixed system than in packed-bed operation. 
• 
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Higher temperatures are beneficial in 
two respects. Firstly, extraction by diffusion is 
faster, since the molecular diffusion coefficient is 
higher. Secondly, the degree of active wetting is 
higher, as evidenced by higher values of a, due to 
the lower liquid viscosity at higher temperatures. 
Thus, in addition, a smaller fraction of the sucrose 
has to be extracted by a diffusional mechanism. 
However, the effect of temperature on extraction 
performance is not as pronounced as the effect of 
liquid flow rate, or the effect of degree of prepara-
tion. This is brought out more fully in the next 
section. 
Correlations of model parameters have 
not distinguished between flooding and non-flooding 
operation. It was shown in section 5.4. 1. that, 
even under so-called flooding conditions, a signifi-
cant amount of porosity is present, and that continuous 
liquid-phase operation is not realized. The occurrence 
of flooding does not appear to affect the rate of 
extraction. This confirms the view that flooding 
involves a gradual build-up of liquid, and that it should 
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5.7 EXTRACTION OF SUCROSE. 
The pilot plant experiments were undertaken 
to provide the necessary data for the development and testing 
of a mathematical model of the extraction process, and for 
the evaluation of the model parameter s over a wide range of 
process operating conditions. Once this has been achieved, 
the model can be used to predict the extraction expected for 
any geometry of diffuser that involves the flow of liquid 
through a bed of ba gasse . In Chapter 6, it will be shown for 
instance how the model can be applied to a full- scale moving 
bed diffuser. 
In the pilot plant tests, the extraction achieved 
was also determined directly. These measured extraction 
values have little practi cal utility, since the operation of the 
pilot plant diffuser bears little resemblence to the counter-
current e xtra ction process of a full-scale plant diffuser. 
Nonetheless , these measured extractions indicate directly 
the influence of the various control variables on extraction. 
Extraction in the pilot plant diffuser can also 
be computed via the mathematical model if reliable estimates 
of the model parameters are available. In order to show how the 
model parameter values affect the computed extraction values, 
the sensit ivity of these values to the model parameters is also 
reported here. 
Factory control results generally report the 
combined ext raction obtained in the diffusion and de- watering 
stages, which, however, is influenced by the efficiency of the 
de-watering mill(s). Extraction obtained in the factory 
diffuser alone cannOt be determined with any reliability, since 
the bagasse dischar ge d from the diffuser is associated with 
alar ge amount of adhering juice. Apart from the difficulty 
of sampling such wet bagasse reliably, analysis of the 
discha rge material includes any adhering juice, the major part 
of which constitutes mechanically-held surface juice, which is 
easily removed in a de-watering mill, and should be regarded 
as juice already extracted. 
However, e x traction in the pilot diffuser could 
be easily determined. The brix extracted was calculated 
utilizing the measurements of we i ght and brix of the outlet juice 
retained in drums (see section 4 .2). The extraction after t 
minutes, Et' was calculated as the percentage of brix in the 
original bagas se extract ed during that time. 
It should be rem embered that the experimental 
work of this study employed first mill bagasse as a raw material. 
Although individual values of fir st mill extraction could not be 
obtained for each sample of bagasse used, f~ctory measurements 
show that during the periods of the experimental work, first 
mill pol extraction figures obtained at Mount Edgecombe mill 
averaged 67.6%, with a standard deviation of 2.4% • 
• 
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5.7.1. Effect of process variables on measured 
extract ion.~v~a~lu~e~s~. ________________________ _ 
Brix extraction values obtained at 73
0
C after 
16 minutes per colation time, E 16' are shown as a function of 
flow rate in Figs. 5.53 and 5.54. This shows clearly the 
higher extraction values obtainable with finer bagasse preparations, 
and also that higher flow rates generally promote a higher 
extraction. 
It appears that the e~trac1ion-flo.w rate ~urve 
levels off at a flow rate of + 50 lb/ mm. ft. Wlth the fmer 
types of preparation employed, such flow rates are not attainable 
due to the earlier onset of flooding. 
The scatter evident in these figures is not 
unexpected, since extraction is affected by cane quality 
(Brtiniche-Olsen, 1966) and fibre content (Buchanan, 1967). 
However, first mill extraction is likely to have a considerably 
greater effect. Under conditions of efficient first mill 
performance, the juice remaining in first mill bagasse may be 
more difficult to extract. Ideally, first mill extraction figures 
should be combined with extraction obtained in the diffuser; 
unfortunately such first mill extraction figures were not available. 
Although Figs 5. 53 and 5. 54 demonstrate 
the effect of degree of preparation on extraction, more 
striking is the relation between extraction and Dr, . show~in 
Fig. 5.55. Data for very low £low rates (,20lb/min.ft) 
have been omitted; otherwise a marked dependence of 
E 16 on DI is evident, despite the fact that the data points 
represent different levels of flow rate. 
In addition, Fig 5.55 demonstrates the 
utility of DI as a guide to expected extraction performance. 
Higher temperatures promote higher values 
of extraction, as shown in Fig. 5.56 for preparation P2, P3 
and P4. Solid lines connect data points obtained from runs 
using subsamples of the same bagasse, but at different 
temperatures. In studying the model parameter behaviour 
with temperature in section 5.6, it was shown that higher 
temperatures promote the rates of extraction, as well as 
increased values of (t due to lower liquid viscosities. 
Lower bed heights were also found to result 
in slightly improved extraction performance. Since full-
scale diffuser s operate with bed heights gener ally greater 
than were used in the pilot plant tests , it would appear 
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Diffuser Extraction Related to Overall Expected 
Extraction. 
In order to relate the brix extraction obtained in 
the diffusion stage to the overall sucrose extraction obtained 
by a first mill, diffuser, and de-watering mill(s), it is 
nece s sary to know: 
. (a) fir st mill extraction, 
(b) the relation between brix and pol 
extraction, 
(c) an estimate of the performance of 
the de-watering milL(s). 
Buchanan (1967) and BrUniche-Olsen (1966) have 
shown that the overall extraction is very dependent on fir st mill 
extraction. As mentioned earlier, an average first mill ex-
traction of 67. 6% was obtained in the Mount Edgecombe milling. 
train. 
The purity of t he juice extracted in the 1st mill is 
much greater than that of the last expressed juice (see section 2. 8. 2). 
Thus, sucrose is extracted at a faster rate than brix, because 
of the larger amounts of soluble non-sucrose species associated 
with the vascular bundle s. Use can be made of the puritie s of 
the juice extracted and the juice remaining in the bagas se to 
calculate the sucrose extra ction from brix extraction figure s. 
Thus, using typical values, for South African conditions, of 85 
and 65 for mixed and last expressed juice purities respectively, 
it can easily be shown that sucrose extractions are greater by 
1 to 2% than the equivalent brix extractions, fo·r brix extractions 
of the order of 95 %. 
• 
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, The performance 'of de-watering miUs lies 
outside the' scope of this project. However, it is worth-
while to consider briefly the expected effect of the de-
watering mill on diffuser discharge bagasse. The 
diffuser model assumes that sucrose is present in 2 
"phase s", one fraction readily extracted, and the other 
more tightly held in the bagasse. The easily extractable 
phase,because it can be readily removed by a washing 
process, must be located on or ncar the particle surfaces. 
It is to be expected therefore that it will also be more 
easily removed in any mechanical expression process. 
Thus the concentration and amount of the tightly held 
juice fraction probably determines to a large extent the 
sucrose left in the bagasse after the de-watering mill. 
A simplistic model of a de-watering mill can 
be formulated, assuming that all readily available juice 
is removed prefentially in the de-watering mill, before 
any tightly-held juice is expressed. The introduction of 
a reabsorption factor, as defined by Murry & Holt (1967), 
and specification of the moisture content of final bagasse, 
would then be sufficient to define the brix remaining in 
the bagas se. The reabsorption factor could be adjusted 
so that agreement between the model and actual mill per-
formance is obtained. 
The lack of a suitable method of measuring 
the extraction performance of full- scale plant diffuser s 
was mentioned at the beginning of section 5. 7. This 
concept suggests that a method of measuring diffuser 
efficiency on the plant scale should be directed towards 
the measurement of the extraction of "tightly-held" 
sucrose. Adhering juice and the readily available juice 
fr:action could be removed by a simple laboratory washing 
test, so that any sucrose not removed is defined by the 
experimental washing process as tightly-held sucrose. 
This method would also circumvent difficultie s associated 
with sampling wet diffuser bagasse, since it is only the 
' tightly-held sucrose/fibre ratio of input and output bagasse 
which is of intere st. 
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5. 7. 3. Dependence on Model P a r a meters. 
The sensitivity of extraction to the values of 
the model parameter s was evaluated by computing values 
of extraction expected in the pilot pla nt as de scribed in 
section 5,5.1.1. As a bas e case the values of process 
variables and parameters given in Table 5.26 were used. 
Table 5.26 
Specification of Base Case Variable s. 
Flow rate 
Brix % bagasse 
Bagas se load 












These values were chosen as being representative 
of first mill bagasse (preparation PI). The sensitivity of E16 
to model parameters was computed varying only 1 of the model 
parameters at a time. The results are shown in Fig. 5 .. 57 • . 
This figure indicates that Kl has very little effect 
on computed value s of E 16, while a. and K2 show a pronounced 
effect. Clearly, since K l »KZ' after 16 minutes percolation 
time, all readily available sucrose has been removed. This is 
illust rated by the fact that , for K2 V = 0, E16 = 400/0, 
corresponding to a value of a. of 0.4. However, in a counter-
current moving bed diffuser, the bagas se re sidence time within 
a stage is only of the order of 3:-4 minutes. Thus values of 
extraction after 4 minute s percolation time, E 4 , were computed, 
and are shown in Fig. 5.58. This presents a very different 
picture, in that Kl now has a significant effect, although even in 
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It should be remembered that for the conditions 
of flow rate and preparation assumed, values of the parameters 
far removed from the base case can represent hypothetical 
conditions only. Nevertheless, Fig. 5. 58 demonstrates that 
the value of a has the most significant effect on extraction . 
• 
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5.8. EXTRACTION OF IMPURITIES 
The recovery of sucrose from mixed juice 
depends on the quantity and nature of the impurities 
in the juice. In view of the disagreement regarding 
the relative magnitudes of sucrose los ses in . 
molasses in diffusion and milling factories, there 
is clearly a need for a controlled inve stigation to 
rationalise subjective information on the extrac -
tion of impurities in the diffusion process . . Diffuser 
juice contains a host of different substance s, and an 
intensive investigation embracing measurement and 
identification of all impurities constitute s a major 
research project in its own right. For the purposes 
of this project, attention has been confined to only a 
few impurities which are considered to have a major 
effect on recove ry. 
Thus attention has been focus sed on the ex-
traction of reducing sugars, inorganic materials, and 
starch. Reducing sugars are the most abundant im-
purity in mixed juice. Inorganic impurities have a 
pronounced melassigenic effect, since the major part 
of inorganic mate rial is not removed in the recovery 
process and results in a high loss of sucrose in 
molasses (see section 2.8.2). Starch is a major or-
ganic impurity which has a profound effect on 
recovery; although gums are present in higher con-
centrations in diffuser juice (Graham et. al., 1968), 
the attention which starch has received in South 
Africa qualifies it as a principal harmful organic 
impurity. 
Temperature, degree of preparation, and 
flow rate were varied in these tests to investigate the 
effect of these variables on impurity extraction. Flow 
rate was varied only over a fairly narrow range of 
higher flow rate s, since this flow rate range leads to 
higher sucrose extractions, and thus represents the 
range of interest. It was found, however, that flow 
rate had no disce rnible effect on the extraction of the 
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impurities studied. pH was not included as a variable, 
since it appears that within the range of pH employed 
in practice, extraction of pe ctins only is ,significantly 
influenced by 'pH. ' The: am·ount of pe"ctin ext~acted is , 
generally small, ,and according to ?pencer & Meade 
(1945), it is in any case completely removed in clarification. 
,Thus all extraction tests were carried out at a pH of .-.J 6. 
5.8. I Operation of the 
pilot plant. 
Extraction of impurities was measured in 
the pilot plant diffuser, rather than in the laboratory 
scale mixing equipment, since this would be more 
representative of conditions in percolation diffusers. 
In order to maintain the levels of impurities high 
enough for measurement, with adequate accuracy, it 
was neces sary to re -circulate liquid through the 
diffuser rather than use the 'once-through' procedure 
employed for sucrose extraction tests. The latter 
method of operation was, however, utilised for a few 
runs to investigate the initial rates of extraction oJ 
reducing sugars and inorganics. 
The brix profile in the re-circulation runs is 
naturally different from. that obtaining in normal once 
through operation. Typical curves are shown in Fig. 
5.59. The brix drops as in the once through case, but 
after a few minutes the brix of the juice entering the 
diffuser rises above zero. Thus the outlet brix values 
rise again, and gradually continue rising until an 
equilibrium value is reached. 
Prior to a run, the water level in the surge 
tank was adjusted to the same height for each run. Thus 
the initial amount of water in the system was set at the 
same value for each run (roughly 140 gals.). This was 
the minimum amount which, after allowing for liquid 
hold-up in the diffusion vessel and the piping, would be 
sufficient to cover the stirrer blades and ensure 
thorough mixing in the tank. The final brix values of 
the juice samples depended on the initial brix content 
of the bagasse and the final amount of liquid in the sys-
tem. The latter quantity was variable, depending on the 
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Because the quantity of water in the system varied 
slightly, impurity concentrations were expressed as 
percentages or ppm on brix. Results not tabulated in the 
text are given in Appendix D. 
5.8.2. Juice Purity 
The apparent purity (defined as the ratio poll 
brix) of juice samples was measured for a number of runs. 
No trend with temperatur e or preparation could be discerned, 
in: keeping with the findin"gs of Buchanan & Jullienne (1969). 
In mo st cases, a slight initial drop in purity was observed, 
prior to a slight increase and subsequent gradual decrease . 
5.8.3. pH 
The water used in these tests was obtained from 
the hot condensate lines, and generally had a pH of just 
over 8. The shape of the pH-time curves was similar to 
those for purity, showing an initial decrease to approximately 
5.8 before rising to a value of 6.0 or just over. After ten 
minutes the pH assumed a constant value within 0.1 units. 
Thus pH values were in the range of full-scale diffuser 
operating pH. 
It was found that if more than one run was carried 
out in a day, the pH of juices from runs subsequent to the 
fir st were significantly lower. This was attributed to a 
breakdown of sucrose in bagasse which had been left standing 
for a few hours. This was confirmed by higher reducing 
sugar levels and is discussed further in the next section. 
5.8.4. Reducing Sugars. 
Typical measurements of reducing sugar concentrations 
are shown in Fig. 5.60. There appears to be no trend with 
extraction temperature; however, inspection of the final 
pH values shows that high values of reducing sugarlbrix are 
associated with low pH values. The breakdown of sucrose by 
enzyme action yields reducing sugars, and is associated with 
the production of or ganic acids which lower the pH. The two 
runs with the highest values in Fig. 5.60, runs G5 and G8. 
manifested the effect described in the previous section. and 
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Fig. 5.61. Measur ed values of reducing sugars % brix in 




high values are attributed ther efore to inversion of sucrose 
in bagasse which was coll ected som t;! four to five hours prior 
to the test. It should be r em emb ered however that the amount 
of inver sion involved i s not s ufficient to affect brix values 
significantly, and in no way invalidat es brix measurements 
obtained for comparison w ith model predictions. 
Graham et. a l. (1 9 68 ) have shown that inver sion due 
to enzyme activity can be considerable at temperatures of 
65°C, and many times gr eate r t han would be expected due to 
chemical inversion. At h i gher tempe rat ures, the enzymes 
are inactivated. All the . results shown in Fig. 5.60 appear 
to be approximately constant after + ten minutes, except 
for the run at 590 C. The increase w ith time shown by this 
run is presumed to be due to progressive enzymatic destruction 
of sucrose; this is conf ir med by a corresponding increase 
in pH. It is clear therefore t h at the operating temperature 
should be restricted to th e range of temperatures > 650 C to 
prevent appreciable enzyma ti c inversion of sucrose. 
In spite of these e ffe cts, no si gnificant dependence of 
the amount of reducing sugars extract e d on temperature or 
preparation is e v ident. F i g . 5.60 indicates that the initial 
rate of e x traction of reducing sugar s is higher than that of 
sucrose. In order to inve st i gate the rate of extraction of 
reducing sugars , four o f t h e normal once-through runs were 
undertaken, with PI preparat ion at different temperatures. 
The results are shown in F i g . 5.61. Once again, the higher 
values shown by runs H2 and H4 are due to the time lag between 
collecting the bagasse a n d the execution of the run. 
This shows that the reducing sugar I brix ratio 
is approximately constant during the initial period, but 
there is a tendency for t he r a tio to increase with time. The 
values at ten minutes include limits on experimental error 
which may be induced as a result of dividing by low brix 
values. A marked increase in the reducing sugar ratio is 
demonstrated, which is directly opposed to the results of 
Fig. 5.60. 
A tentative explanation may be put forward as 
follows; according to the once-through data, sucrose and 
reducing sugars are e x t r act ed at the same rate initially 
where the washing d i splacement mechanism is operative, 
while at longer times, reducing sugars are 
• 
• 
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extracted more quickly in the diffusion controlled 
stages because of their higher molecular diffusiv-
ities and small molecular size. The re-circula -
tion data manifest what may be termed a 
'chromatographic column effect', where the 
smaller reducing sugar molecules are preferen-
tially absorbed by the bagasse. This explains the 
initial drop in reducing sugar I brix ratio and the 
lower equilibrium value. On the other hand, in the 
runs where water is continuously passed through 
the bagasse, the reducing sugar m.olecules are con-
tinuously eluted from the bagasse. 
This chrOlnatographic column effect may 
also be used to e xplain the variation in the reducing 
sugar I pol ratio measured by Graham et. al. (1968) 
on a full-scale diffuser. The value of reducing sugar 
Ipol is higher from the last stage where im1:ibition 
water is added (i. e. an elution stage) than in juice 
from the penultimate stage. Also, the ratio of re-
ducing sugar I pol increases as the feed end is app-
roached, as the equilibrium is displaced at higher 
reducing sugar concentrations. 
This effect may also provide an explanation 
for the observation that the introduction of diffusion 
resulted in a lower extraction of reducing s u gar s 
than milling (Kulkarni & Unde, 1969). This was rea-
lised with a diffuser operating at the natural pH of 
cane juice, and so it is unlikely that this drop can be 
due to lower inversion of sucrose. 
5. 8. 5 Inorganic 
Impurities 
In orde r to obtain a quick measure of the 
inorganic content of diffuser juice, the specific con-
ductance was measured (more simply, this will be 
referred to as conductivity). Such measurements 
naturally only record the presence of dissociated ions; 
thus no indication of silica or undissociated organic 




The conductivity of syrups, molas ses and 
solutions of sucrose crystals has been fairly wide-
ly used as a measure of inorganic content (Browne 
. & Zerban, 1941). More recently, its use has been 
reported in dete rmining the inorganic content of 
cane juices (Stevenson & Daniels, 1971). 
The relation between conductivity and 
sulphated ash of diffuser juice was investigate d by 
determining both quantities on the same samples of 
juice. It was found that this relationship could be 




= 8. 6 x lOx conductivity (1-1 Siemen/ cm) 
(5-.72) 
This is illustrated in Fig. 5.62, and was 
found to be independent of brix, preparation, 
temperature, or time at which the sample wa·s ob-
tained, within the range of intere st of these 
variable s. This allows an estimate of ash content 
from the conductivity reading. However Browne and 
Zerban (1941) point out that such a relation is restric-
ted to the factory or area whe re it is determined. 
All conductivity readings were converted to 
equivalent ash or I conductivity ash I using equation 
(5.72) and expressed as a percentage on brix. 
'Conductivity ash % ·brix was found to be independent 
of temperature and d~gree of preparation; . . 'I.'his can 
be seen in Table 5.27, where all the data 0 btained 
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The relation between juice conductivity and 
sulphated ash content . 
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Table 5.27 Summary of conductivity ash measurements. 









( 0 C ) 10 mins. 30 mins. 45 mins. 
mean std. dev mean std. dev. mean std. dev. 
59 4.4 - O. 1 4.5 0.2 4.6 0.0 
69 4.4 0.3 4.5 0.4 4.4 0.4 
73 4.5 0.6 4.4 0.7 4.3 0.7 
78 4.5 0.4 .4.4 0.4 4.4 0.4 
87 4.6 0.2 4.4 0.2 4.5 0.2 
73 4.3 1.0 4.3 1.0 4.3 1.0 
73 4.3 1.0 4.3 1.2 4.3 1.2 
All data 4.4 0.5 4.4 0.5 4.4 0.5 
The lack of dependence on p r eparation is more clearly illustrated 
in Fig. 5.63, which shows the results of 3 runs carried out on 
subsamples of the same ba gasse, with different levels of 
preparation. This figure al s o demonstrates the general 
behaviour of the measured values as a function of time. 
The concentrations of some of the major inorganic elements 
were measured by flame photometry or atomic absorption 
spectrophotometry. The ratio s of concentrations of Na, 
Mg, K, and Cl to brix were nearly constant throughout the 
course of a run, although the latter two ions sometimes 
displayed a slight decrease initially. The ratio of Ca to 
brix generally showed a slo w increase with time. According 
to Honig (1958), some calcium is associated with the cell 
walls, and the increase observed with time is indicative of 








































Conductivity ash % brix as a function of time 






The concentrations of the individual inorganic species 
were also found to be independent of temperature. The 
average values of all measurements made with PI preparation 
are shown in Table 5.28. 
Table 5.28. Average concentrations of individual inorganic 
species in diffuser juice as a function of 
recir culation time. PI preparation. 
Concentrations expres sed as percentage on 
brix. No. of data points = 20 
10 mins. 30 mins. 45 mins. 
mean std. dev. mean std. dev. mean std. dev. 
K 1. 31 0.14 1. 28 0.13 1. 27 ' 0.12 
Cl 0.72 0.08 0.70 0.09 0.69 0.09 
Ca 0.21 0 . 07 0.21 0.07 0.2Z 0.06 
Mg 0.15 0.04 0.16 0.04 0.16 0.04 
Na 0.06 0.03 0.06 0.03 0.06 0.03 
With the exception of some measurements reported by 
Douwes-Dekker (1952), to the author's knowledge, no similar 
measurements in mixed juice of milling factories have been 
reported in South Africa. Douwes-Dekker reported measurements 
of calcium and magnesium in mixed juice, which show order of 




However, Honig (1958) gives an extensive 
table of measurements of individual inorganic con-
stituents of mixed juice in Java. The order of de-
creasing concentrations in Table 5 .. 28 should be com-
pared with that shown by the Java data i. e. ,K, ' I'J"a, , S, 
CI, Si, P, Mg, Ca, Fe. Of interest is the low con-
centration of Na in diffuser juice. Apart from this, 
the values given in Table 5. 28show order of magni-
tude agreement with the Java data. 
The degree of bagasse preparation appear-
ed to have little effect on most of the elements mea-
sured, although the concentrations referred to brix 
values generally showed a decrease with finer 
bagasse, due to the higher brix values. However, the 
Ca /brix ratio generally showed an increase with 
degree of preparation. This is illustrated in Figure 
5 . .64, where the ratio of Ca / K concentrations is 
plotted to eliminate the effect of brix value s. This 
increase with finer preparation is consistent with the 
existence of calcium in the ' cell wall material; the 
greater the damage to the cell wall material, the 
more accessible is calcium associated with the cell 
walls to the leaching juice. 
Thus excessive damage to the fibre can re-
sult in undesireable side effects; as regards the 
extraction of inorganic materials, these effects are 
likely to be small. 
Fig.5~ 63 is typical of the shape of the con-
ductivity ash % brix -time curves. This suggests that 
initially sucrose is extracted at a relatively higher 
rate, but that after a short time, equilibrium between 
juice and bagasse is established. Ash % brix values 
measured in once-through runs are shown in Fig. 5. 65. 
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Fig. 5.64. The ratio of concentrations of ca.lcium to 
potassium after 45 minutes re-circulation 
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Fig. 5.65. Conductivity ash % brix as a function of time 
in once-through per co lation runs. Bagas se 
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• 
Page 202 
re -circulation data is sustained. Thus inorganic 
materials are extracted at a relatively faster rate at 
progressively longer times, an effect which is obscu-
red in re-circulation runs where equilibrium between 
juice and bagasse is attained. The higher diffusion 
coefficients of the small inorganic ions manifest as a 
higher rate of extraction of these species as extrac -
tion by diffusion becomes important. 
Thus in a full scale diffuser, extraction of 
inorganic materials may reasonably be expected to 
depend on the time of contact of juice and bagasse. 
Within each stage, however, a close approach to an 
equilibrium condition between inorganic material in 
juice and bagasse can be expected. The equilibrium 
value will naturally depend on the initial inorganic 
content of the cane, which is likely to have the great-
est effect on the quantity of inorganic material in 
diffuser draft juice. 
5.8. 6 Starch 
Different varieties of cane contain widely 
different amounts of starch (Wood, 1962), and futher-
more, the starch content depends on the age, growth 
conditions, etc., of the cane. A wide variation in 
measured starch contents of re-circulating juice con-
firmed thi s, and neces sitated that the effect of tem-
perature or cane preparation on starch extraction be 
demonstrated using subsamples of the same bagasse. 
This necessitated collection of a larger sample from 
the milling train, which proved advantageous in that 
this sample collected over a longer time was more 
representitive of 'average' bagasse, which tended to 
mask inter-consignment variations. 
The execution of four runs using subsamples 
of the same sample of well-mixed bagasse required 
that the bagas se for the fourth run experience a time 
lag of the order of six hours before processing.Since 
virtually all starch is present in granular form 
(Manners, 1968), it is unlikely that degradation of 
starch occ urred to any significant extent. In orde r 
to eliminate any possible effect, the levels of tem-
erature and preparation were varied in a random way 





The effect of temperature on the starch con-
tent of the diffuser juice after re-circulation for 
thirty and forty-five minutes is shown in Fig. 5.66. A 
striking increase in the amount of starch extractedat 
temperatures greater than 73
0
C is demonstrated; the 
amount gf starclo extracted rises roughly six-fold 
from 73 C to 88 C. Boyes (1960) reported a number 
of results of analyses of starch in juice from milling. 
From his results, it appears that the concentration 
of starch in mixed juice generally lies in the range 
2 000 to 2 500 ppm on brix. Comparison with Fig. 5. 66 
shows that at lower tenlperatures, the level of starch 
extraction is very much less than obtained by milling, 
while at high temperatures, starch extraction is of 
the same order. Because of the adverse effect of 
starch on sugar recovery, there is a " strong incentive 
for maintaining diffuser operating temperatures below 
o 
75 C. 
In contrast to the extraction of reducing 
sugars and inorganic materials: extraction of sta rch 
is not a diffusion-controlled phenomenon. The sharp 
increase in starch extraction with temperature is due 
to gelatinisation of starch granules. Although gelatin-
isation occurs to some extent at temperatures as low 
as - 60
0
C (Collison, 1968), enzymes in the juice can 
effectively remove this starch as fast as it appears. 




C, the rate of enzymatic 
destruction falls off rapidly in lo"w bdx juic"es_ (Smith, 1970); together 
with a rapid increase in gelatinisation, this results in 
excessive extraction of starch. 
Graham et. al. (1968) reported an increase in 
o - 0 
starch extracted between 60 and 80 C ina full scale 
diffuser, of similar magnitude to that shown in Fig. 
5.66. However, this study has suceeded in pinpoint-
ing more closely the temperature above which exces-
sive extraction of starch occurs. 
The effect of preparation on starch extraction 
is illustrated in Fig. 5 .. 67. Solid lines join points ob-
tained using bagasse originating from the same sample. 
These results were obtained with a re -circulation juice 
o 
temperature of 73 C, i. e. close to the maximum tem-
perature consistent with low starch extraction. It ap-
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Fig. 5.66. Extraction of starch as a function of temperature. Values shown 
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Fig. 5.67. Effect of level of preparation on the 
extraction of star ch. Extraction 
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actually result in slightly lower starch extraction. 
However, one data point representing preparation 
P4 suggests that this trend is not maintained with 
excessively fine bagasse. This material is consid-
ered to be finer than would ever be achieved in 
practice; thus for all "practical preparations, it 
would seem that, as far as starch extraction is con-
cerned, there is no reason to limit the degree of 
preparation. 
5.8. 7 Discussion 
In keeping with the conclusions reache d by 
other authors (Buchanan & Jullienne, 1969; Graham 
et. al., 1968) no significant effect of temperature on 
juice purity or extraction of inorganic materials was 
found; preparation was also found to have no signifi-
cant effect. Measurement of sorne of the major inor-
ganic constituents has shown that potassium is the 
major inorganic species in diffuser juice, as also in 
mill juices (Honig, 1958). Other inorganic species 
measured occurred in the following order of decrea-
sing concentration: el, Ca, Mg, Na. However an 
increase in the amount of calcium extracted with 
more finely prepared cane has demonstrated how the 
degree of preparation influences the availability of 
cell wall constituents for extraction. 
Destruction of sucrose in bagasse prior to 
some of the teEt runs obscured any possible minor 
trends in extraction of reducing sugars with the oper-
ating variables. In any event, Graham et.al., (1968) 
have shown that conditions of pH and temperature 
within a diffuser have a much greater effect on the 
amount of reducing sugars in diffuser juice, as these 
variables affect the enzymatic breakdown of sucrose 
to reducing sugars. Results of this study show that 
operation at temperatures below 65
0
C can result in 
considerable breakdown of sucrose. Thus low tem-
peratures should not be employed unless active steps 





Obs ervations on the rate of extraction of 
inorganic impuritie s and reducing sugars show that 
these substances are extracted at a faster rate dur-
ing the diffusion-contro lled stages of extraction. 
This is attributed to their smaller molecular size. 
Evidence has been put forward, however, to suggest 
that reducing sugars may be preferentially absorbed 
by bagasse. 
A very marked increase in starch extrac-
tion with temperature has been demonstrated, which 
indicates that diffusers operate d at temperatures not 
greater than 73
0 C can effect a considerable reduction 
in the amount of starch extracted. Howeve r, it 
appears that the amount of starch in diffuser juice is 
largely dependent on the amount of starch originally 
present in the cane, which can vary within wide 
limits. 
Taken in conjunction with the survey of 
previous work (section 2.8), this investigation shows 
that no more of the recognised impuritie s are extrac-
ted in diffusion than in milling, and that some impur-
ities are actually extracted to a lesser extent. 
However, recovery of sucrose depends not only onthe 
amounts of the various impurities extracted; it is pos-
sible that although the same chemical impurities are 
extracted in milling and diffusion, the physical 
natures of the impurities may be different (e. g. 
colloidal or non-colloidal), which will influence the 
degree of removal of the impuritie s. 
In general, extraction of the two major im-
purities , inorganics and reduCing sugars, ' is ' indepen-
dent of temperature and degree of preparation, and is 
roughly the same as in milling. In this respect, it 
would appear that extraction of the se impuritie s is not 
limiting on the process operating variables. The 
degree of preparation genera lly has little effect on the 
extraction of impurities, although excessively fine pre-
parations can re sult in highe r levels of impurity extrac-
tion. The operating temperature can have an important 




MODELLING OF FULL -SCALE DIFFUSERS. 
Pilot plant tests showed that the 3 parameter 
model is capable of accurately repre senting extraction 
jn the diffusion process. It remains to apply the model 
to a full- scale diffuser of the moving-bed type, so that 
the model can be utilized for design or optimization 
purposes. 
The purpose of this chapter is to show how the 
model can be formulated and applied to a moving-bed 
diffuser. A brief comparison between model predictions 
and actual observed behaviour of a diffuser is made; a 
comprehensive appraisal of the model predictions is 
beyond the scope of the present study. Attention is 
drawn to a number of additional factor s which may 
influence diffuser performance and which may require 
incorporation into the model. 
6. 1 APPLICATION OF THE MODEL 
TO A MOVING-B ED DIFFUSER. 
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6. i. 1 Model Formulation for a Single Stage. 
In the first instance the model is formulated for 
a single stage within the diffuser. Consider the nth stage 
shown in Fig. 6. 1. Juice percolating through the bed is 
displaced in the x-direction due to the movement of the 
bagasse. In order to formulate the model it is necessary 
to make the following as sUl1.1.ptions: 
1. Steady- state operation, so that all 
quantiti e s concerned are independent 
of time. 
2. Liquid is uniformly applied over the 
top of a stage, and flows in plug flow 
through the bed. 
In addition, the same assumptions regarding the mechanism 
of extraction used in the pilot plant model are made in this 
case. 
Mass balances over an element within the bed 
of height dz, length dx and unit width yield the following 
differential equations: 
For the per colating juice, 
cC. L C C. 
_ L --.l -~ ( ) ( ) c z tan IjJ C x + Kl Cbl - C j + K2 C b2 - C j = 0 
(6. 1) 
and for the juice in bagasse, 
aH v = K 1 ( Cb 1 - C j ) (6. 2) 
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Introducing the dimens i on l e ss var i ab l e s: 
N = 
z 
y = (x - tan IjJ 
f3 = 









C. a = -o y J 












S ) (6. 7) 
(6. 8) 
(6. 9) 
This treatm ent a s sum e s that the con centrations of 
percolating juice and juice in bagas se vary with both distan ce 
from the top of the b e d and distanc e a long th e bed, within a 
stage. The boundary conditions a r e given by the concentration 
of juice pump e d onto the n th stage from the (n + 1 )th tray, and 
the concentration of juic e in baga s s eleav ing the (n - 1 )th stage. 
The former co ndition m a y be expr e s s e d as: 
atN=O,C. 
J 
= C (n+l) 
j 
O~ y ~ 
The superscript is used t o denote the stage number. 
second boundary condition is mor e complicated since 
and C
b2 
depend on both Y and N. This makes the 
(6.10) 
situatlOn over-complicate d. If however C and Care 
considered to d epend on Y only' within a: ~lage, theb~oundarT 
condition is cons i derably simplifi e d. Then: 
at Y = 0 
at Y = 0 
= C (n-l) 
bl 
C = C (n-l) 
b2 b2 
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Since the variation in C
b 
across the length of the diffuser 
is much greater than the variation with bed height within 
a stage, this assumption is not likely to affect the results 
significantly. In this case, C. in equations (6. 8) and (6. 9) 
must be replaced by an averag~ value; these 2 equations 










- --1L fN C. dN - = dY N 0 J 
The method of solution of the set of equations · 
(6.7), (6.13) and (6. 14) together with boundary conditions 
(6. 10) to (6.12) is given in appendix E. The final solution 
only is given below: 
C. f · C (nt 1) . f C (n-l) t f C
b2 
(n-l) = j t 1 J 0 bl 2 
C
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{ -( 1 + y A+ aAS ) /(1+ S) + } = m
2 
2 a y 
[( 1 + Y A + a A B) 2 - 4 
(j.+S )2 
a y A]} 
1 _ a 
y = ---S 
(6. 34) 
A 
1 (1 _ e -(1 + S)N) = (1+ S)N 
(6. 35) 
Equation (6. 15) relates the value of C. to position 
within the b agasse bed. The quantity of(irtteres.t-bowever is the 
concentration of juice in the nth tray, C. n); thls can b e 
evaluated b y integrating equation (6. 15) Jover the range 
0 <: y.z (xL - Z / tan 1jJ) K 1/Hv . Note that this assumes that 
all juice entering stage n finds its way into the correct tr ay 
(this impli es that the beginning of the nth tray is positioned 
at x = Z /tan 1jJ) . If this were not the case, the range of 
integration would be different. 
Thus: 
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g2 = Y(1-A) 
6. l. 2 Overall Mass Balance. 
A mass balance over the stages of interest 
(1~ n Z J) can b e drawn up. Referring to Fig. 6. 2, this 
can be stated as: 
( ) Mb H () (1) Mb H (J) 
C J + 1 J . C 0 = L C + -- C L xL w j 'q b xL w j q b 
where C
b 
= concentration of juice in bagass e defined by: 
w = 
fibre throughput (lb fibre/min) 3 
fibre packing density (lb fibre/ft ) 
width of diffuser (ft) 
length of 1 stage (it) 
Equation (6.41) may be re-arranged to give: 
C (J) = 
b 
6. l. 3 






For the purposes of comparing the model predictions 
with actual diffuser operating data, attention will be confined to 
those stages of a diffuser after the maceration stage and up to 






















These stages constitute the major part of a 
diffuser. Beyond the press-water stage, the flow rate 
through the bed is lower, while in the maceration stage 
the physical geometry is different. The model can be 
applied to both these regions "as well, but for the purposes 
of simplicity are neglected here. 
Equation (6.37) relates the concentration of the 




entering the stage. A stage-by- stage Jcalculat ion procedure 
is necessary; the result of the calculations must however 
also satisfy the overall material balance, equation (6.41) 
As a basis for comparison, predicted values of 
C. in each tray can be compared with observed values .. Since 
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bo(ndary value s are required. Tl'l e 00 served va1ues of C. ( J 














The calculation procedure is as follows: 
As sume a value of C
b 
(0 ) . 





from the followlllg 
equations, derived from equations (6.42) and 
(6.37): 
C (1)_ C. (2) _ g C (0)/(1_ a) 
j go J 2 b 
g1 - g2 a /(1- a ) 
1 (C (0) a C (0)) 
1 - a b bl 










1 (2) and C
b2 
(2) from equations 








Continue the calculations stage-by- stage until stage 
J is reached. 
Check that the material balance equation 
(6. 4(d) is sati sfied . If not, a new value 
of C
b 
must be assumed. 
Rep eat steps (1) to (7) until the overall mass 
balance is satisfied within a given toleranFe. ) 
,J +1 The calculat ed and observed values of C. 
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COMPARISON WITH DIFFUSER 
PERFORMANCE. 
The calculation routine was programmed on an 
ICL 1903 -A computer. Input to the calculation routine 




, H, Z, v , L, values of 
the model parameters, and a set of observed values of Co. 
The liquid flo w rate, L, was computed from imbibition J 
and press-water flow rates . The value of H was determined 
from the static holdup (les s brix free water), calculated 
from equation (5.40), while values of the model parameters 
were computed from the correlations given in section 5.6, 
equations (5.60), (5.67) and (5.71). 
The operating data used in comparing the model 
pr edictions with the obs erved performance of a moving-bed 
diffuser was obtained from the Empangeni diffuser installation, 
details of which are given by van d er Riet and Renton (1971). 
Average data for one weekI s operation, selected at random, 
were used; most values used repr esent the averages of hourly 
analyses made throughout a week. Average data for a week 
were used in order to eliminate the effect of short-term 
fluctuations due to the large random variations observed over 
short time p eriods . 
The results of this comparison are shown in the 
computer print- out reproduced in Fig. 6. 3, and are illustrated 
graphically in Fig. 6.4. All quantities us ed in the calculations 
are shown in Fig. 6. 3 with the exception of XL and w; these 
values are 10. 76 ft and 15. 75 ft respectively. In addition, '2 
value of S representitive of the bagasse processed (4000 mm I g) 
and a DI of first mill bagasse of 68.3 were used in the correla-
tions for the evaluation of model parameters . 
It can be seen that good correspondence between 
observed and predicted values of Cj is obtained. It should 
be noted that predicted and observed values of C j are forced 
to have the same values for stages 1, 2, and 11, in which 
case the observed value (3) overprints the predicted value 
(2). From Fig. 6. 3 it can be calculated that an extraction 
of 67. 50/0 of the brix entering the 1st stage is achieved in the 10 
stages of inter est. The fact that Cbl in the bagasse entering 
stage I is lower than Cb2 shows that some extraction has been 
effecteOd in the macerOation stage . 
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It would be naive to suggest that this brief 
comparison confirm.s the validity or the accuracy of 
the model predictions. A comprehensive comparison 
is beyond the scope of this project. In any event, it 
is anticipated that data obtained from the full-scale 
diffuser will not be entirely relaible, due to the variable 
operation realised in practice. It is for this reason in 
fact that pilot plant tests were resorted to for developing 
and testing the model. These variations are largely due 
to the variable nature of the cane being processed. 
Thil'3 again emphasizes the need for a quick 
and effici ent method of characterizing the degree of cane 
preparation. If the quality of the bagasse could be 
continuously monitored, the cane preparation process 
could be controlled to present a feed of uniform quality, 
to the diffuser. In this respect, model predictions can 
only be representative of an 'average' bagasse. 
No account of evaporation of water in the 
diffuser was taken. However, this has been found to 
be small (± 2% over the whole extraction system) and 
acorrection for evaporation is probably not warranted. 
Of the as sumptions made in the formulation 
of the model, the assumption that all juice applied to a 
given stage finds its way into the correct tray is 
particularly open to criticism. Even if the trays are 
correctly positioned with respect to the liqu.id applica-
tion areas, transverse dispersion would result in some 
liquid finding its way into the trays on either side of the 
correct tray. The effect is compensated to a large 
extent by the flow of liquid of similar concentration 
from adjacent stages into the tray under consideration. 
A more serious error would be introduced 
if the trays were all consistently misplaced with respect 
to the juice application areas. Consider the case where 
a fraction of the juice applied to the nth stage finds its 
way into the (nt1)th tray_ Let the fraction of liquid entering the 
nth tray be A. (where 0 < A. '« 1). Under these conditions 
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recirculation of juice within the nth stage occur s, whose 
magnitude is determined by the value of f... As a result 
the brix of juice in the trays is affected, and in addition 
the flow rate through each stage is increased from L to 
L/f... In practice, such recirculation could also result 
in flooding problems in the diffus er. 
This situation c an be handled by the model. 
If the degree of recirculation can be measured or 
estimated, the liquid flow rate and new model parameter 
values can be calculated. The average concentration 
of juice in the nth stage which enter s the correct tray 
can be obtained by integrating equation (6. 15) with respect 
to Y over the limits 0 to f.. Y (instead of 0 to Y as in 
equation (6.36)). The average concentration of the 
remaining fraction of the juice from the nth stage (which 
enters the (n+l)tl:i stage) is given by integrating over the 
limits f.. Y to Y. Thus the average concentration of 
juice in each tray is calculated from 2 components; a 
fraction f.. entering the correct tray and a fraction (I-f..) 
originating from the previous stage. 
A similar procedure can be employed for 
the c ase of significant 'carry-over' of juice into the 
following tray by the moving bagasse bed. 
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CHAPTER 7. 
SUMMARY AND CONCLUSIONS. 
This study has resulted in the development 
of a mathematical model of the extraction process which 
can be used to predict the performance of sugar diffusers. 
The attainment of this objective has involved a detailed 
study of the factor s which influence extraction performance. 
This chapter summarizes the major conclusions of the 
study. 
7. 1 
Consideration of the structure of cane and the 
nature of bagasse has emphasized the heterogeneous 
character of bagas se. Also, since cane is a plant product, 
its quality varies widel y. As a result, the response of 
different canes to the same methods of preparation can 
result in wide differences in prepared bagasse. 
The structure of bagasse has been emphasized 
as playing a major role in the extraction process. Attention 
was drawn to the need for characterizing bagasse in two 
respects, firstly the microstructure, which determines the 
extraction properties, and secondly particle size and shape 
which influences the liquid flow characteristics of a bed of 
bagasse. In this project, this has been achieved through 
the use of DI and sieve analysis. Because of the fibrous 
nature of bagasse, sieving of bagasse is not entirely 
satisfactory. Nonetheless, the specific surface area of 
bagasse, obtained from sieve analysis, provides an 
adequate measure of particle size, and has been success-
fully utilized to correlate liquid holdup data, in the predic-
tion of flooding, and as a measure of mass transfer area in 
• 
• 
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correlating model parameters. 
Although other .process variables such as 
flow rate and temperature can be' quickly and accurately 
measured, these methods of characterizing bagasse are 
fairly laborious and provide relative measures only of 
the degree of preparation. 
7.2 
In a sugar diffuser two fundamental factor s 
. influence extraction, namely the basic mechanisms and 
rate s of extraction, and the effect of liquid hydrodynamic s 
on these rates. In this project two experimental configu-
rations wer e employed. Experiments in a laboratory- scale 
fully-mixed extraction system provided information on the 
mechanism of extraction in the absence of the effect of 
liquid hydrodynamics. These results were then related 
to experiments in a fixed-bed pilot plant diffuser, where 
both effects are operative. 
7.3 
Formulation of the mathematical model of the 
extraction process was based on previous work on extrac-
tion from materials of vegetable origin and on consideration 
of the structure of bagasse. The model assumes that sucrose 
is extracted via two 1st order relations in parallel. Model 
formulation implie s that part of the juice in broken cells on 
the surfaces of bagasse particles is readily extracted by a 
displacement washing process, at a rate K 1, while the 
remainder of the juic e in unbroken cells and in ruptured 
cells in the interior of particles is extracted by a slower 
diffusional process, at a rate K 2 . A third parameter a. 
is introduced to represent the fraction of the juice in bagasse 
extracted at a rate K l' 
7.4 
The model was found to fit experimental data 
obtained in the la.boratory extraction tests very satisfac-
torily. The results of these tests provide substantial 
support for the validity of the model formulation. Values 
of K1 were found to be independent of temperature and 
and inversely proportional to surface area, consistent 
with a washing extracti on proces s; the variation of K2 
with temperature is the same as the variation of Dm 
with temperature, confirming a diffusion mechanism; 
and values of a were correlated in terms of DI only, 
i:pdependent of cane quality or temperature. 
7.5 
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Liquid holdup measurements in the pilot 
plant diffuser were used to infer information on the 
liquid hydrodynamics in a bagasse bed. Measurements 
of dynamic and total holdup were made. In keeping with 
other published work, dynamic holdup was correlated in 
terms of Reynolds and Galileo nUlnbers, and compares 
favourably with other published correlations. In' the 
case of total and static holdups, empirical correlations 
were resorted to. 
Evidence of some inherent variability 
associated with flow through packed beds was demonstra-
ted. This is confirmed by other published work, and is 
assumed to be generated on re-packing the column. Thus 
the relative arrangement and orientation of the particles 
affects the flow characteristic s. 
7.6 
The fibre packing density q (in lb fibre/ ft 3) 
was found to be an important process variable, affecting 
values of holdup and model parameters. Measured values 
of q are greater in higher beds because of increased 
compaction, and at higher temperatures due to softening 
of bagasse fibres. 
7.7 
In applying the model to the pilot plant diffuser, 
axial liquid dispersion was neglected since its effect is 
likely to be negligibly small. However, the capacitance 
effect due to stagnant liquid regions was taken into account, 
since the literature shows that it plays an important part in 
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other similar displacement processes. The static 
holdup was therefore c onsidered as part of the juice 
holdup in bagasse. 
The same physical concepts us ed in the 
laboratory extraction case regarding the rates of 
extraction were employed in the pilot plant model. 
7.8 
The pilot plant model was also found to 
represent observed experimental behaviour very well. 
Parameter estimation was complicated by the transient 
liquid flow conditions observed at the beginning of each 
pilot plant run. Some as sumption was neces sary to 
handle this situation; thus the true starting time was 
defined on a rational basis according to the physical 
flow conditions. 
Confidence intervals : on the para-
meter estimates were evaluated. This demonstrated 
a degree of correlation between K2 and a , which 




Results of the pilot plant experiments 
demonstrate clearly the dependence of extraction on 
liquid hydrodynamics. The variation in' liquid- solid 
contact efficiency with liquid flow rate luay be explaip.ed 
in terms of a capacitance model or stagnant liquid zones 
model. 
Although this model may not provide a unique 
description of the flow conditions, evidence of previous 
published work, together with the fact that stagnant 
zones are likely to be more significant in bagasse beds, 
provide strong evidence for the validity of this concept. 
The parameter a was correlated in terms 
of the dynamic holdup, which sugge sts that the fraction 
of the juice which is readily available is dependent on the 
actively wetted area, rather than the total wetted area. 
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The existence of static liquid in the bed indicates that 
some particle surfaces ar e not available for active 
wetting. At high e r flow r ates, dynamic holdup 
increases, sta tic holdup d e cre a ses, and consequently 
the rate of extraction is im proved . 
Zones of static liquid are considered to have 
an inhibiting e ff ec t ; thus some juice which would other-
wise be washe d from particle surfaces has to find its 
way by diffusion through the s tatic liquid to reach the 
percolating liquid phase. The high e r v alues of K2 
obtaine d under con ditions of hi gher sta tic holdup 
confirm the incre a sed role of diffusion under the se 
conditions . 
A comparison of p a rameter values with 
thos e obtained in the labor a tory extr a ction tests shows 
that extraction i s generally more efficient in a fully-
mixe d environm ent than i n packed bed operation, which 
is ascribed to better liquid- solid conta cting. 
The degree of pr e paration of bagasse has the 
greatest effect on model p a r ameter values. Higher 
liquid flow rates are beneficial in increasing the values 
of K1 and 0" and higher t emperatures are advantageous 
in that they promote the rate of mol e cular diffusion and 
improve the effectivenes s of liquid- solid wetting. 
Correlations for the model parameters have 
been developed which allow predictions under any given 
operating conditions (within a broad range of pos sible 
conditions). All correlations of this study show a 
significant degree of scatter, which is to a large extent 
due to natural variations in the quality of cane. This 
neces sitated the collection of a large volume of experi-
mental data to establish relationships statistically. 
7. 10 
Correlations of liquid holdup and model 
parameters have not distinguished between flooding and 
non-flooding data (excluding the conditions of exces s 
flooding, where the liquid level rises above the top of 
the packed bed). It was established that in a so-called 
flooded bed, air occluded within the bed constitutes 
roughly 10-150/0 of the packed volume. Flooding involves 
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a gradual build-up of liquid within the bed and may be 
regarded merely as an extension of the non-flooding 
regime. 
7. 11 
Flooding W2. S found to occur at lower flow 
rates with finer preparations. Although higher 
temperatures should increase the flooding flow rate 
due to decreased liquid viscosity, generally the effect 
of more dense beds obtained at higher temperatures 
overrides the effect of decreased viscosity, resulting 
in a net decreas e in the flooding flow rate. 
An approximate locus of flooding was 
presented, which allows an estimate of when exces s 
flooding will occur, so that in practice the flow rate 
may be controlled at some lower level to prevent the 
occurrence of this undesireable operating condition. 
This correlation shows tha t fibre density has a far more 
significant effect on flooding than particle size. 
Flooding is initiated at the region of highest 
fibre density, generally at the bottom of the bagasse bed. 
7. 12 
Extraction is promoted by finer bagasse prepa-
ration, higher flow rates and higher temperatures. Of 
these, preparation is the dominant factor. DI generally 
dictates the degree of extraction obtained, and is a useful 
parameter to determine the' extractability' of bagasse. 
Similarly, the most significant model 
parameter is ex, which is related to DI. Since Kl»K
2
, 
a small increase in the value of a results in a large 
increase in the overall rate of extraction. 
7. 13 
Because diffuser juice is a complex multi-
component mixture, only a limited number of the individual 
• 
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non- sucrose components could be measured. Attention 
was confined to the more abundant non- sucrose specie s. 
These results together with a literature survey of previous 
work suggest that the degree of extraction of impurities is 
if anything, lower than can be expected in milling. This 
cannot be reconciled with the excessive losses of sucrose 
in molasses reported i n South African diffusion factories. 
No quantitative relationships between impurity 
concentrations and overall recovery exis t which can aid in 
the choice of optimum operating conditions on a rational 
basis. Thus only qualitative observations can be used as 
guidelines. In this respect, it appears that the major 
control variable, degree of preparation, does not affect 
the extraction of impurities unless unrealistically fine 
preparations are employed. 
7. 14 
The model used to repr esent the extraction 
process in the pilot plant diffuser has been formulated 
for the geometry of a full- scale moving-bed diffuser. 
This results in a relation between juice concentrations 
into and out of a single stag e within the diffuser and the 
concentration of juice in bagasse, and permits a stage-
wise calculation procedure. 
A brief comparison between model predictions 
and observed diffuser op erating results was made, which 
demonstrates good agreement between theory and practice. 
It was pointed out that such factory data cannot be consider-
ed as accurate . In addition, attention was drawn to a 
number of factors which may affect observed diffuser 
performance. In particular, the effect of mis-alignment 
of juice application areas and their corresponding catch-
trays was considered, and it was shown how the model 
can be adapted to incorporate this factor. 
7. 15 
The correlations for liquid holdup and model 
parameter values given in sections 5,4 and 5.6 may be 
used to predict these values under any given operating 
conditions. . Together with the model of a full-scale 
moving-bed diffuser, they constitute a means of predic-
ting performance, which may be utilized in the design of 
new diffuser installations, or to optim.ize the performance 
















I (ft2 I ft
3
) Mas s transfer surface area unit volume. 
I 1 (ft 2/ft3) Effective interfacial area unit vo ume. 
Packing or particle surface area I unit volume (ft2/ft3) 
Wetted area per unit volume. (ft2/ft3) 
Concentration. 
Concentration in stagnant liquid. 
Concentration of juice in bagas se (brix). 
Average concentration of juice in bagasse (brix). 
Concentration of juice in bagas se at e = 0 (brix) 
Concentration of readily available juice in bagasse (brix). 
Concentration of tightly-held juice in bagasse (brix). 
Concentration of juice (brix). 
Local concentration. 
Average concentration. 
Axial dispersion coefficient (ft
2/min). 
Molecular diffusion coefficient (ft2 I min). 
Displaceability index. 
Size of packing element (ft). 
Characteristic particle size (mm). 
Particle size (ft). 
Average particle thickness, defined by equation (2.2) (mm). 
Tower diameter (ft) 
Extraction (%) 































Eotvos number = p g d
Z 
/ 0" • 
Liquid flow rate (1 b/ min) 
Outlet flow rate (lb /min) 
UZ 
Froude number = g d 
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Z 
Acceleration due to gravity (ft/min ). 
3 Z Z 
Galileo number = d g p / \-L 
Z 3 Z 
Galileo number = g f1 / aT \-L 
3 
Juice holdup in bagas se (lb/ ft ) 
Dynamic liquid holdup (lb/lb fibre) 
Static liquid holdup (lb/lb fibre) 
Total liquid holdup (lb/lb fibre) 
Juice holdup in bagasse (g). 
3 3 
Dynamic liquid holdup (ft / ft ) 
3 3 
Static liquid holdup (ft / ft ) 
3 3 
Total liquid holdup (ft / ft ) 
Number of mixing cells. 
Mass transfer factor, defined by equation (Z. 17). 
Mas s transfer coefficient (lb/ min ft 3) 
Mass transfer coefficient (lb/min lb fibre) 
Mas s transfer coefficient (lb/ min '£1;3) 
Mass transfer coefficient (lb/min Ib fibre). 
Mass transfer coefficient (ft/min or lb/min ftZ) 
Mass transfer coefficient (g/min). 
Mass transfer coefficient (g/min). 
Liquid mass flow rate (lb/min ft
Z
). 
Flooding liquid flow rate (lb/min ftZ) 
Particle or slice thickness (ft) 
Fibre throughput (lb/min) 
Number of parameters. 


























Peclet number = d U / D 
W / h 
. 3 
Fibre density in b a gasse bed (lb/ft ) 
Coefficient of inhibition or tortuosity factor. 
Reynolds number = dL / I-l . 
Reynolds number = L/ I-l aT 
Particle flakiness ratio, equation (5.8) 
Particle elongation r a tio, equation (5.7) 
Radial co-ordinate (it). 
Specific surface from sieve analysis, equation (5.2) 
(min 2 / g) 
Schmidt number = I-l/ P Dm' 
Sherwood numb er = k d / Dm 
Sherwood number = (Kl / aT p) / aT Dm' 
o 
Temperature ( C) 
Time (mins). 
Experimental time (min). 
Time correction factor (min). 
Average liquid velocity (ft/ min). 
Mean dynamic phase liquid velocity = Z/ T (ft/min) 
Point velocity (ft/min). 
3 
Volume of packed bed (it ) 
Speed of bagasse bed (ft/min). 
Weight of extract liquid (g) 
Width of diffuser (it) 
Percent by weight of fraction retained on ith screen (%). 
Axial co-ordinate (ft). 
Mean film thicknes s (it). 
Geometric mean of weight distribution (mm) 
Length of a diffuser stage (ft) 



























Dimensionless length parameter, defined by 
. equation (6 . 5). 
Bed height (ft). 
Axial co- ordinate, measured from top of packed 
bed (ft). 
Fraction of juice in bagasse readily available 
for extraction. 
Values o f a obtained in laboratory mixing tests. 
Particle surface shape factor. 
Particle volume shape factor. 
K 2 / K l or k2/kl 
(l- a)/S 
1 h -_ (112 / g p2)1/3 (ft) Effective fi m t ickne ss ,. 
Fractiona l void volume. 
Dimensionless time = Kl/H(t - T). (or klt/h in 
section 5. 2) 
Fraction flowing liquid. 
Sum of squared errors . Equation (5.48). 
Sum of squared errors function, equation (5.50) 
Sum of squared errors function, equation (5.49) 
Fraction of juice in plug flow entering correct tray. 
Liquid viscosity (lb/ft min). 
3 
Liquid density (lb / ft ) 
Surfac e tension (lb / min 2) 
Geometric standard deviation of particle size distribution. 
Mean residence time of dynamic liquid phase (min). 
Mean residence time (min). 
• 
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APPENDIX A. 
DETAILS OF PILOT PLANT RUNS 
Details of the primary measurements 
for the pilot plant runs are given here, as well as 
sieve analysis results and liquid holdup measure-
ments. For simplicity, units are not given in 
the following tables; these may be found in the 
Nomenclature . 
pag e A. 1 
Page A. 2 
Table A. 1. Details of pilot plant runs. Bagasse preparation Pl. 
Run L T Load Z DI dPT 
d CJ aT HD HS HT 
No. (lb) q s c g 
C9 58. 6 73 125 2.46 3.93 64. 6 3200 5.47 2. 65 2. 68 61. 4 5. 31 4. 35 9.65 
CIO 58. 6 73 125 2.42 4. 00 64. 6 3200 5.47 2. 65 2. 68 62. 5 5. 24 3. 52 8. 76 
Cll 58. 6 73 125 2.46 4.29 63. 8 2610 6. 39 4 . 02 3. 24 54. 7 5. 07 3.23 8. 30 
Cl2 58. 6 73 125 2.46 4. 29 63.8 2610 6. 39 4. 02 3. 24 54.7 4. 74 4.01 8.75 
C13 58. 6 73 125 - - 66.4 2770 6. 14 3. 18 3. 28 - 4. 46 3. 87 ' 8.32 
C14 58. 6 73 125 2.46 4. 39 66.4 2770 6. 14 3. 18 3. 28 59. 2 5. 49 3. 07 8. 55 
C16 58. 6 73 125 2. 50 4. 16 62.7 2940 5.51 2. 38 2. 43 59.6 5. 03 4. 29 9.32 
C17 58. 6 73 125 2. 54 4.72 69 . 2 3010 5. 60 3.12 2.97 69 .5 4.27 3.63 7.90 
C18 58. 6 73 125 2.58 4. 65 69. 2 3010 5. 60 3. 12 2. 97 68.4 4. 01 4. 77 8. 78 
C22 31. 2 73 125 2. 50 4.78 - - - - - - 3.01 4. 07 7.09 
C30 16.2 73 125 2. 79 4. 24 65.4 2680 5.98 3. 75 3. 07 55. 5 3.25 3.63 6.88 
C31 69. 7 73 125 2. 67 4.43 65.4 2680 5.98 3.75 3. 07 58. 1 5.58 3.96 9.53 
C32 43. 3 73 125 2. 58 4. 49 64 . 1 3530 4. 80 2. 84 3. 09 77.3 5. 02 3. 62 8.65 
C33 95. 8 73 . 125 2. 50 4. 64 64. 1 3530 4. 80 2.84 3. 09 79.9 7.30 - -
C45 16. 2 61 125 - - - 3100 5. 43 2.51 2. 57 - 2. 22 4.94 7. 14 
C46 16. 2 88 125 - - - 3100 5. 43 2.51 2. 57 - 2. 22 5. 10 7.30 
C47 69.4 90 125 2.58 4.40 60.9 2910 5.90 3. 12 2.94 62. 6 4.81 - -
C48 69. 7 58 125 2. 67 4.27 60.9 2910 5.90 3. 12 2.94 60.6 4. 81 4. 67 9.48 
C49 95.8 63 125 2. 69 4.60 59. 1 - - - - - 6.46 - -
C50 95.2 87 125 2. 67 4. 64 59. 1 - - - - - 5.95 - -
C51 43. 3 87 125 2. 77 4. 49 62.7 2650 5.80 3.71 3. 09 58. 0 3.27 3.71 6.98 
C52 43.3 59 125 2.71 4. 59 62. 7 2650 5.80 3.71 3. 09 59. 3 3. 09 4.81 7.91 I 
038 48.4 73 . 125 2. 67 4.46 59. 0 3280 4.85 3. 77 3.45 71. 3 4.50 3.77 8. 27 I 
D39 79. 3 73 125 2. 69 4.43 59. 0 3280 4. 85 3.77 3.45 70.8 5.86 - - 1 
D40 62. 7 73 125 2. 65 4. 63 63. 8 3580 4. 47 2.82 2. 94 80.9 5. 65 - -
041 43. 6 73 125 2.71 4.52 63.8 3580 4.47 2.82 2.94 79. 0 4. 60 - -
044 43. 6 73 125 2.62 4.78 65.2 3760 4.32 2.86 3. 01 87.7 4. 74 3.94 8. 68 
045 28.5 73 125 2.71 4. 63 65. 2 3760 4.32 2.86 3. 01 85. 0 4.02 4.42 8. 43 
046 20.8 73 125 2. 85 4. 55 65. 2 4290 3. 83 2. ] 9 2. 81 95. 3 3. 26 4. 02 7.28 
)47 37.6 73 125 2.75 4.72 65. 2 4290 3. 83 2. 19 2.81 98.9 4. 57 3. 31 7.87 
)48 31. 4 73 125 2. 69 4.40 69. 0 3860 4. 61 2.44 2.84 82.9 3.97 3. 80 7.76 
)49 24. 0 73 . 125 2. 71 4. 36 69. 0 3860 4. 61 2.44 2. 84 82. 2 3.45 4. 58 8. 03 
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Table A. 1. (continued) Details of pilot plant runs. Bagasse preparation PI. 
~un Load 
dPT d 
(j HD HS HT No. L T (lb) z q DI S c g aT 
~l 31. 4 73 75 1. 62 4.38 61. 3 3680 4. 76 2.71 3. 04 78. 7 4.56 3. 36 7.94 
~2 31. 4 73 175 3.42 4. 86 61. 3 3680 4. 7 6 2.71 3. 04 87.3 4. 51 3. 55 8. 06 
~9 48.4 73 75 1. 67 4. 07 64. 0 35 60 4. 66 2.71 2.98 70.9 4.62 4.84 9.44 
~1 0 48.4 73 175 3. 37 4. 69 64. 0 3560 4. 66 2.71 2.98 81. 7 5. 18 3.78 8.96 
~ll 63. 3 73 75 1. 62 4. 28 65. 3 2950 5.73 3.96 3.44 61. 5 6.43 2.44 8.86 
~12 62.4 73 175 3.52 4. 60 65. 3 2950 5.73 3.96 3.44 66. 2 6. 89 - -
~13 48.4 73 125 2. 37 4.83 64. 0 3750 4.59 2. 60 2.92 88. 5 6. 35 - -
~14 48.4 73 125 2.52 4.55 64. 0 3750 4 . 59 2. 60 2.92 83. 3 4.83 3.80 8. 61 
~15 48.4 73 100 2. 17 4. 05 67.5 3990 5.45 2. 15 2. 56 78.8 5. 34 3.71 9.06 
~16 47.7 73 150 3. 04 4.32 67.5 3990 5.45 2. 15 2.56 84. 2 5.70 - -
~1 7 48.4 73 125 2. 65 4.56 65. 7 2870 5. 34 3. 65 3. 02 63 .9 4.48 4. 35 8. 84 
~18 31. 4 73 125 2. 6 2 4. 60 65 .7 2870 5. 34 3. 65 3. 02 64 . 4 3.98 3. 85 7.84 
:19 31. 4 73 100 2.23 4. 34 65. 5 3780 4.46 2.31 2. 66 80. 1 4. 08 3. 88 7.97 
:20 31. 4 73 150 3.23 4.49 65. 5 3780 4.46 2. 31 2. 66 82.9 4.31 3. 31 7.63 
:21 37. 6 73 100 1. 98 4.40 65. 8 3460 4. 95 3. 02 3. 08 74. 3 5.22 3.74 . 8.98 
:22 37. 6 73 150 2.85 4.57 65. 8 3460 4.95 3. 02 3. 08 77.3 5. 69 3. 10 8. 78 
:23 37.6 73 75 1. 71 4. 08 65. 7 2980 5.77 3.48 3. 16 59.4 5.07 3. 61 8. 67 
:24 37.6 73 175 3.48 4. 67 65.7 2980 5. 77 3.48 3. 16 68. 0 5. 56 3. 10 8. 66 
:25 36. 6 73 100 2.12 4.40 58. 5 3260 5.54 3.51 3.41 70.2 4. 87 3. 54 8.40 
:26 37.6 73 125 2.62 4.46 58. 5 3260 5. 54 3.51 3.41 71. 0 5. 16 3. 15 8.31 
:27 37.6 73 75 1. 75 4.16 65.4 3470 5.07 3. 00 3. 09 70.5 4.94 3. 84 8.78 
:28 37. 6 73 175 3.60 4.71 65.4 3470 5.07 3. 00 3. 09 79.9 5. 22 3. 06 8. 28 
:29 37.6 73 125 2.56 4.44 65.4 3190 5. 09 3.42 3.23 69. 2 5. 22 3.99 9. 22 
:30 37.6 73 150 3.00 4.55 65.4 3190 5. 09 3.42 3.23 71. 0 5. 02 3. 22 8. 24 
3 45. 8 87 125 - - - 4010 4. 68 2.40 2.94 - 3.84 - -
A 46. 2 59 125 2.71 4. 26 - 4010 4. 68 2.40 2.94 83. 3 4. 06 4. 09 8. 18 
2 44.6 74 125 2. 69 4.53 63. 3 3440 4.90 2.90 3. 05 76. 2 5. 36 3. 87 9. 23 
3 44. 6 88 125 2.62 4. 64 63. 3 3440 4.90 2. 90 3. 05 78.0 4.81 - -
4 43. 9 89 125 2. 65 4.54 61. 7 3950 4. 33 2.43 2.91 87.6 5.25 - -
5 44. 6 67 125 2. 69 4.47 61. 7 3950 4.33 2.43 2.91 86. 2 5. 36 4. 19 9. 55 , 
44. 6 67 125 2.65 4. 63 62.8 J 4100 4.41 2.44 3. 04 92.8 4.71 4. 29 . 8.99 
7 44.6 81 125 2.56 4.78 62.8 4100 4.41 2.44 3. 04 95.8 4.71 3. 79 8.49 
Table A. 1. (continued) Details of pilot plant runs. Bagasse preparation Pl. 




Z Dr s ~T d (J aT HD HS HT No. (lb) q c g 
J8 44. 6 81 125 2. 58 4. 57 63. 4 4030 4.44 2. 56 3. 16 89.8 4.58 4.26 8. 84 
I J9 44. 6 60 125 2.65 4.46 63.4 4030 4.44 2. 56 3. 16 87.7 4. 36 5.23 9. 60 
J14 44. 6 74 125 2.62 4.42 65.4 3890 4.31 2.51 2. 99 84. 0 4. 77 4.83 9.61 ! 
J15 44. 6 60 125 2. 69 4 . 32 65 .4 3890 4 .31 2.51 2. 99 82. 0 5.40 5. 08 10.49 I I 
JI6 44. 6 89 125 2. 58 4 . 62 64.4 3520 4 . 6 2 2.74 2.98 79.4 4.90 3. 65 8. 5 6 
I JI7 44.6 60 125 2. 65 4.51 64.4 3520 4. 62 2.74 2.98 77.5 4.98 4.48 9.45 
J21 50.9 74 125 2. 75 4.47 65. 1 4450 3. 74 2. 20 2.90 97. 1 6.76 - -
J22 44. 2 74 125 2.71 4 . 54 65. 1 · 4450 3. 74 2. 20 2. 90 98. 6 5.75 - -
J23 52.2 74 125 2.52 4.52 63.9 3670 4.61 3. 05 3. 37 81. 0 5. 16 4. 28 9. 69 
J24 57.6 74 125 2. 56 4.45 63.9 3670 4. 61 3 . 05 3. 37 79. 7 5. 53 - -
_I--
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Table A. 2 Details of pilot plant runs. Bagasse preparation P2. 
Run Load 
dPT d HD HS HT No. L T (I b) z Dr s C1 aT q c g 
C6 64.6 73 125 - - 72.1 4000 4.06 1. 97 2.46 - 6.37 . 3.39 9.76 
C35 48.1 73 125 2.46 4.39 72.9 4340 3.67 1. 80 2.43 92.9 6.17 2.95 9.12 
C43 16.2 73 125 3.12 3.90 67.5 3140 5.26 2.76 2.82 59.8 2.43 4.67 7.10 
C44 79.9 73 125 2. 67 4.49 - 3020 5.63 2.67 2.72 66.2 6.54 - .-
D18 16.4 73 125 3.00 4.08 69.4 41 00 3.64 2.33 2.74 81.7 3.27 4.18 7.45 
D19 31.4 73 125 - - 69.4 4100 3.64 2.33 2.74 - S.30 3.38 8.68 
D20 31.4 73 125 2.75 4.09 68.4 4260 3.71 2.35 2.90 85. 1 5.06 4.04 9.11 
D21 24.0 73 125 2.79 4.03 68 .4 4260 3.71 2.35 2.90 83.9 4.16 4.50 8 .65 
D34 43.6 73 125 2.62 4.36 74.2 3940 3.68 2.26 2.76 83 . 8 5.64 3.28 8.92 
DJ5 56.0 73 125 2.58 4.43 74.2 3940 3.68 2.26 2.76 85.2 6.09 2.92 9.01 
D36 71. 6 73 125 2.67 4.56 71.7 4310 4.03 2.66 3.33 95 . 9 6.59 - -
037 63.0 73 125 2.69 4.52 71.7 4310 4.03 , 2.66 3.33 95.1 5.99 - -
042 43.6 87 125 2.77 4.42 73.3 . 4780 3.53 2. 14 3.34 103. 1 5.14 - -
043 43.6 59 125 2.85 4.29 73.3 4780 3.53 2.14 3.34 100. 1 5.17 4.31 9.48 
050 37.6 73 125 2.79 4.30 74.7 4000 3.93 2.24 2.67 84 .0 5.12 4.06 9.18 
D51 27.4 73 125 2.79 4.34 77.5 4660 3.70 2.08 2.74 98.8 4.10 4.23 8.33 
052 19.7 73 125 2.90 4.18 77.5 4660 3.70 2.08 2.74 95.2 3.71 4.07 7.77 
055 16.4 86 125 2.98 4.29 70.8 4100 3.84 2.23 2.72 85.8 2.22 4.06 6.28 
056 16.4 59 125 3.13 4.09 70.8 4100 3.84 2.23 2.72 81. 8 2.54 4.98 7.52 
D57 27.7 87 125 2.83 4.53 71.7 3920 4.52 2.26 2.63 86.7 3. 96 3.47 7.43 
D53 27.7 58 125 3.02 4.25 71.7 3920 
I 
4.52 2.26 2.63 81.3 3.60 3.86 7.49 
--
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Table A. 3. Details of pilot plant runs. Bagasse preparation P3. 
Run Load dPT d (J HD HS HT No. L T (1 b) Z q DI S c g aT 
C19 31. 2 73 125 3. 00 4.10 86. 8 5830 2. 50 1. 33 1. 36 116.8 5. 68 3. 49 9. 15 
C20 31. 2 73 125 2.46 4. 88 84. 1 7690 1. 54 0.92 2. 02 183. 2 6. 26 2. 65 8.92 
C21 31. 2 73 125 2.58 4. 65 84. 1 7690 1. 54 0.98 2. 02 174.'3 5.92 2. 86 8.78 
C23 31. 2 73 125 2.75 4.44 82.8 6650 1. 97 1. 16 2. 15 144.0 6. 06 3. 02 9. 07 
C25 31. 2 73 125 2.50 4. 37 88. 8 8270 1. 48 0.91 2. 04 176. 6 6. 90 2. 64 9. 55 
C26 31. 2 73 125 2.83 4.44 87.6 6590 1. 92 1.11 2. 10 142.7 6. 05 2.99 9. 04 
C27 31. 2 73 125 - - 87.6 6590 1. 92 1. 11 2. 10 - 5.75 3.42 9. 19 
C37 27.1 73 125 2.46 4.97 86. 2 7730 1. 75 0.98 2. 17 187.3 6. 32 2.52 8. 84 
C39 37.6 73 125 2.75 4.31 88. 8 6790 1. 86 1. 05 2. 03 142.8 6.48 2.93 9.41 
C40 15.3 73 125 3. 00 3.94 88. 8 6790 1. 8 6 1. 05 2.03 130; 4 3.77 5. 13 8. 90 
C54 43. 3 73 125 - - 88.7 6780 1. 61 1. 04 1. 89 - 5.41 3.24 8. 66 
C55 20.7 73 125 2. 79 4. 66 88.7 6780 1. 61 1. 04 1. 89 15 4. 1 4. 19 3. 87 8. 08 
Dll 37.6 73 125 2. 75 4. 28 80. 6 5500 2. 11 1. 35 2. 01 115. 0 6. 77 2.90 9.68 
D12 27.4 73 125 2.79 4.39 81. 7 5960 2. 12 1. 32 2. 18 127.7 5. 66 3.43 9.07 
D13 24. 0 73 125 2. 79 4. 39 81. 7 59 6 0 2. 12 1. 32 2. 18 127.7 5. 38 3.48 8. 89 
D14 34.4 73 125 - - 83. 2 5670 2. 10 1. 33 2. 08 - 6. 63 2.49 9. 12 
DIS 18. 2 73 125 3. 00 4.16 83. 2 5 670 2. 10 1. 33 2. 08 115. 0 4. 04 4. 17 8. 21 
D22 27. 1 87 125 2.75 4. 28 80.4 6260 1. 99 1. 36 2.41 130.6 6.83 - -
D23 27.4 59 125 2.88 4.10 84.4 6260 1. 99 1. 36 2.41 125.4 4.91 4.10 9. ~)j 
D24 16.4 87 125 - - 84. 3 6810 1. 94 1. 21 2.28 - 5. 52 3.38 8.90 
D25 16.4 59 125 - - 84. 3 6810 1. 94 1. 21 2.28 - 4.70 4.51 9. 21 
D26 50. 6 73 125 2.75 4.52 81. 5 5540 2. 37 1. 57 2.49 122.4 6.91 2. 66 9.57 
D27 50. 9 73 125 2.83 4. 39 81. 5 5540 2. 37 1. 57 2.49 118.8 6.06 3.07 9. 13 
D28 46. 2 73 125 2.71 4. 31 82.4 5810 2. 39 1. 61 2. 66 122. 1 7.22 - -
D29 45. 8 73 125 2.75 4. 24 82.4 5810 2. 39 1. 61 2. 66 120. ~ 7.33 - -
D31 43. 6 73 125 2. 67 4. 09 83.7 6330 2.07 1. 25 2.27 126. 2 7.62 2. 66 10.29 
D33 43. 6 59 125 - - 86.8 6430 2. 14 1. 22 2.26 - 7.25 2.60 9.86 
E3 27.4 73 75 2. 04 3.80 80.7 5920 2.14 1. 35 2. 21 109.8 5. 84 4.14 9.96 
E4 27.4 73 150 3. 58 4. 32 · 80.7 5920 2.14 1. 35 2. 21 12g.7 6. 18 4~46 8.40 E5 16.4 73 100 2. 50 4.14 84.7 6370 2. 34 1. 23 2.27 12 .7 3.94 
E6 16. 6 73 150 3.54 4. 38 84.7 6370 2. 34 1. 23 2.27 136.3 4. 66 3.24 7.89 E7 37. 73 100 2. 37 4. 30 84. 3 6860 1. 88 1. 14 
I 
2. 17 143.9 6.61 . 2. 49 9.09 
E8 37.2 73 150 3. 33 4.59 84. 3 6860 1. 88 1. 14 2. 17 153.8 6.82 - -
----
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Table A. 4. Details of pilot plant runs. Bagasse preparation P4. 
---
Run 
L Load d PT 
d cr aT HD HS HT 
No. T (1 b) Z q DI S c g 
.' 
C29 16. 2 73 125 - - 90.6 9080 1. 06 0.85 1. 94 - 5.31 3.76 . 9.07 
C38 30.9 73 125 2. 67 4. 65 93.8 8950 1. 04 O. 87 2.08 203. 1 7. 17 - -
C41 25.8 73 125 2.67 4. 58 93. 1 9050 1. 05 O. 84 2. 04 202. 3 7.33 2.26 9. 28 
C42 21. 0 73 125 - - 93. 1 9050 1. 05 O. 84 2. 04 - 6. 65 3. 05 9.70 
D2 21. 0 56 125 3. 08 3.86 89.9 6790 1. 35 1. 18 2.13 127.9 6.90 3.05 9.95 
D3 21. 0 85 125 2.75 4.40 96. 6 7770 1. 22 1. 02 2. 08 166.7 6.27 2. 34 8.40 
D4 25. 9 59 125 2. 7 1 4. 05 93.7 · 7 030 1. 34 1. 12 2.09 139.0 7.00 2. 87 9.86 
D5 16.4 59 125 2.92 4.01 90.5 6830 1. 45 1. 21 2. 22 133. 6 6.22 3.73 9.95 
D6 16.4 86 125 2.75 4.25 90. 5 6830 1. 45 1. 21 2. 22 141. 7 6.43 2.86 9.29 
D8 30. 2 59 125 2.92 4.25 89. 5 7240 1. 40 1. 13 2. 19 150.0 8. 12 2.22 9.87 
D9 25. 1 87 125 2.75 4. 25 92.8 7270 1. 35 1. 11 2. 18 150.6 6.73 - -
DI0 21. 9 73 125 2.96 4. 29 92.8 7270 1. 35 1.11 2. 18 152. 1 7.06 2. 36 9.43 
D16 18.9 73 125 - - 87.8 7580 1. 24 1. 04 2. 04 - 6. 39 2.81 9. 20 
D17 28. 0 73 125 2. 75 4. 33 87.8 7580 1. 24 1. 04 2. 04 160.4 7.72 2.34 9. 39 I 
D53 27.4 73 125 2. 79 4.29 89. 5 6700 1. 44 1. 24 2.28 140.2 7.41 2. 57 9. 97 
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APPENDIX B 
EXPERIMENTAL DATA FROM PILOT PLANT RUNS 
AND LABORATORY EXTRACTION TESTS. 
Measured juice concentrations are presented 
here, together with the values calculated via the mathemat-
ical models for the pilot plant runs and the laboratory 
extraction tests. In addition, the bagasse analysis and 
values of Cbo and tc for each individual run are given. In 
the tables, obs. C j represents the measured brix values, 
and calc. C j the values calculated from the model, at 
experimental times t l in minutes. Further details of the 
pilot plant runs are given in Appendix A, and the laboratory 
extraction tests in Table 5.5. 
Because of the large number of runs carried 
out, only a few runs are tabulated here, i. e. those plotted 
in Fig. 5.32 (pilot plant) and Fig. 5.13 (laboratory tests). 
It was felt that the inclusion of the data for all runs would 
serve only to inflate the size of an already unwieldy volume. 
Copies of the full set of data have been lodged with the 
University of Natal and Huletts Sugar Ltd. These may be 
obtained by interested parties on request from: 
page B. 1 
1. The Secretary, Department of Chemical Engineering, 
Univer sity of Natal, 
Durban, South Africa. 
2. The Information Officer, 
Research and Development Department, 
Huletts Sugar Limited, 
P. O. Mt. Edgecombe, 
Natal t South Africa . 
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RUN NO. C12 RUN NO. D48 .RUN NO. C25 RUN NO. C42 
brix % bagasse = 12.6 brix % bagasse = 13.6 brix % bagasse = 11.5 brix. % bagasse = 12.4 
fibre % bagasse = 26. 5 fibre % bagasse = 29.7 fibre % bagasse =27.5 fibre % bagasse = 30.7 
C = bo 12.57 C bo = 12.. 89 C bo =17.52 
C = bo 
14.51 
t = 0.47 mins. t = 1. 02 mins. t = 0.83 mins t = 1.45 mins. c c c c 
t I obs. C . calc. C. t I obs. C. calc. C . t' obs. C. calc. C . t I obs. C. calc. C. 
J J J J J J J J . 
O. 25 2. 46 0. 25 3. 06 0.25 4. 86 O. 25 5.26 
0.50 1. 93 1. 92 0.50 2.88 O. 50 5. 74 O. 75 5. 78 
0.75 1. 62 1. 67 0.75 3. 20 O. 75 5. 63 1. 00 5.45 
1. 00 1. 47 1. 45 1. 00 3.18 1. 00 5. 28 5. 17 1. 25 5.52 
1. 25 1. 39 1. 26 1. 25 3. 14 3.14 1. 25 4.52 4.50 1. 50 5. 57 
1. 50 1. 16 1. 10 1. 50 2.72 2. 73 1. 50 4. 00 3.93 1. 75 5. 79 5. 62 
1. 75 0.93 0.96 1. 75 2.35 2. 39 1. 75 3. 55 3. 43 2.00 5.45 5. 21 
2. 00 0.77 0.83 2. 00 2. 15 2. 11 2. 00 2.99 2. 99 2.25 5. 08 4.83 
2. 25 o. 69 0.75 2.25 1. 87 1. 88 2.25 2. 54 2.62 2. 50 4.70 4.48 
2.50 o. 66 o. 66 2.50 1. 75 1. 69 2.50 2. 17 2. 30 2. 75 4. 30 4.15 
2.75 O. 58 o. 59 2.75 1. 56 1. 53 2.75 2. 14 2. 02 3. 00 3.78 3. 85 
3. 00 0.50 0.53 3.00 1. 4 5 1. 40 3. 00 1. 56 1. 77 3. 25 3. 37 3. 57 
3.50 0.42 0.43 3. 25 1. 29 1. 29 3. 25 1. 47 
. 
1. 56 3.50 3. 06 3. 31 
4.00 O. 35 . 0.35 3.50 1. 18 1. 19 3. 50 1. 27 1. 38 3. 75 2. 69 3.07 
4.50 O. 35 O. 30 4. 00 0.97 1. 05 4. 00 0.99 1. 09 4. 00 2. 65 2.84 
5. 00 0.31 O. 26 4.50 0.89 0.94 4. 50 0.85 0.87 4. 50 2.31 2.45 
5.50 O. 23 0.23 5. 00 O. 87 o. 8 6 5. 00 0.73 0.70 5. 00 1. 96 2.11 
6. 00 o. 19 O. 21 5. 50 0.87 0.80 5.50 O. 66 0.58 5. 50 1. 85 1. 81 
7.00 0.19 0.18 6. 00 0.77 0.75 6.00 0.58 O. 48 6. 00 1. 58 1. 57 
8. 00 0.19 0.16 7.25 O. 68 O. 66 6. 50 O. 54 0.41 7.00 1. 31 1. 17 
9. 00 0.15 O. 15 8. 00 O. 64 O. 62 7.00 0.48 o. 36 8. 00 1. 04 0.88 
10.00 0.11 O. 14 9. 00 0.48 O. 58 8. 00 O. 35 O. 28 9. 00 0.81 O. 67 
11. 00 O. 11 0.13 10.00 O. 48 O. 53 9. 00 O. 27 O. 24 10. 00 O. 62 0.52 
11. 00 O. 56 0.50 10. 00 0.17 O. 21 11. 00 0.46 0.41 
12.00 O. 50 0.46 11. 00 O. 13 o. 19 12.00 0.31 O. 33 
I I 
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RUN NO. C12 RUN NO. D48 RUN NO. C25 RUN NO. C42 
brix % bagasse = 12.6 brix % bagasse = 13.6 brix % bagasse = 11. 5 brix % bagasse = 12. 4 
fibre % baga s se = 26. 5 fibre % bagasse = 29.7 fibre % bagasse = 27.5 fibre % bagasse = 30. 7 
C b = 12.57 C = 12.89 C bo 
= 17.52 C bo 
= 14. 51 
I t 0 bo 
c = 0.47 mins. t = 1. 02 mins. t = 0.83 mins. t =1.45 mins. I c c c 
e obs. C . calc. C . t' obs. C . calc. C. t ' obs. C . calc. C . t' obs. C. calc. C . 
J J J J J J J J 
13.00 0.48 0.43 12.00 O. 11 0.17 13.00 O. 23 O. '2-: 
14.00 0.42 0.40 14.00 O. 19 0.22 
15.00 O. 38 O. 37 16. 00 O. 15 O. 16 
16.00 O. 37 O. 34 18. 00 O. 13 O. 13 
17.00 0.35 O. 32 
18.00 0.29 O. 30 
19.00 0.29 O. 28 
20. 00 O. 27 O. 26 
Page B. 4. 
RUN NO. Fll RUN NO. F14 RUN NO. F15 RUN NO. F20 
brix % bagasse = 13.4 brix % bagasse =12.5 brix % bagasse =12.5 brix % bagasse = 13.0 
fibre % baga s se = 28. 6 fibre % bagasse = 32.9 fibre % bagasse = 32.9 fibre % baga sse = 30.9 
C bo = 20.84 C = bo 
21. 21 C bo 
= 21. 21 C bo 
= 21. 13 
t' obs. C. calc. C. t' obs.C. calc. C . t ' obs. C. calc. C . t' obs. C . calc. C. 
J J J J J J J J 
O. 50 1. 47 1. 41 0.50 1. 08 0.98 0.50 1. 00 0.90 0.50 1. 64 1. 60 
1. 00 1. 73 1. 80 1. 00 1. 29 1. 35 1. 00 1. 24 1. 27 1. 00 1. 94 1. 98 
1. 50 1. 87 1. 93 1. 50 1. 43 1. 50 1. 50 1. 33 1. 43 1. 50 2. 00 2. 09 
2. 00 1. 93 1. 98 2.00 1. 48 1. 56 2.00 1. 39 1. 49 2. 00 2. 12 2. 14 
2.50 1. 96 2.01 2. 50 1. 52 1. 59 3.00 1. 48 1. 54 2. 50 2. 15 2. 16 
3. 00 2. 00 2. 04 3. 00 1. 56 1. 61 3.50 1. 52 1. 56 3. 00 2. 21 2. 19 
3. 50 2. 08 2. 06 3. 50 1. 62 1. 63 4. 00 1. 54 1. 57 3. 50 2.25 2.21 
4. 00 2. 12 2. 08 4. 00 1. 64 1. 65 5. 00 1. 58 1. 58 4. 00 2.29 2. 23 
5. 00 2. 15 2. 12 5. 00 1. 70 1. 67 6. 00 1. 62 1. 60 5. 00 2.31 2.27 
6. 00 2.21 2. 16 6. 00 1. 73 1. 70 7.00 1. 66 1. 62 6. 00 2. 33 2. 31 
7.00 2.25 2. 19 7. 00 1. 77 1. 73 8. 00 1. 68 1. 63 7.00 2. 36 2. 34 
8. 00 2.29 2. 23 8. 00 1. 83 1. 75 10. 00 1. 71 1. 66 8. 00 2. 38 2.37 
10. 00 2. 33 2.29 10.00 1. 85 1. 80 12. 00 1. 75 1. 69 10. 00 2.42 2.42 
12.00 2. 38 2. 34 12.00 1. 91 1. 85 14.00 1. 77 1. 72 12. 00 2.46 2. 46 
14.00 2.42 2. 39 14. 00 1. 95 1. 89 16. 00 1. 81 1. 75 14.00 2. 48 2.50 
16. 00 2.44 2.43 16.00 2. 00 1. 93 19. 00 1. 85 1. 79 16. 00 2.50 2. 52 
20. 00 2.46 2.49 20. 00 2. 04 2. 01 27.50 1. 89 1. 89 20. 00 2. 54 2. 57 
25. 00 2. 50 2.56 25. 00 2. 10 2. 09 30. 00 1. 93 1. 91 25. 00 2. 57 2. 60 
30. 00 2. 54 2. 60 30. 00 2. 15 2. 15 37.50 1. 96 1. 99 30. 00 2. 59 2.62 
35.00 2. 57 2.63 35.00 2. 19 2. 21 43. 50 2. 02 2. 04 35. 00 2.61 2. 64 
40. 00 2. 59 2. 66 40. 00 2. 21 2.26 50. 50 2. 04 2. 10 40. 00 2. 63 2. 64 
45. 00 2. 63 2.68 45. 00 2.23 2. 30 60. 00 2. 10 2. 16 44. 00 2. 65 2. 65 
50. 00 2.65 2. 69 50. 00 2.27 2. 33 50.75 2. 69 2. 65 
60. 00 2. 69 2.70 60. 00 2. 29 2. 39 
I 
APPENDIX C. 
PILOT PLANT lh:ODEL PA~Alv1E TER ESTIMA TIOI',T DA TA 
Values of the pilot plant model 
parameters and the quantities derived from them 
are presented in the following tables. In 
addition, the values of the best fit criterion <!> 1 
and the number of data points fitted ar e given. 
Again the reader is referred to 
the Nomenclature for the units of the quantities 
tabulated. 
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Table C. 1. Parameter estimation. Bagasse preparation PI. 
Run 
KIV K 2V HV 4>1 
No. of K' Sh1 ReI 
Gal "' K2 I a K2 a No. points 1 (x 106 ) aT (1 _a ""15"I 
C9 33. 0 3. 33 O. 208 124 0.223 20 1. 086 17. 1 59. 2 7. 15 O. 110 · 00887 O. 322 
C10 21. 3 3. 00 0.326 99 O. 180 23 0.701 10.9 58. 2 6.79 O. 0988 .00938 0.505 
C11 20.2 2.19 0.275 99 0.100 19 o. 609 13. 2 66.5 10. 1 O. 0661 .00715 0.431 
C12 28. 5 2. 64 0.333 125 O. 068 22 0.8 60 18.7 66. 5 10. 1 o. 0796 .00937 0.522 
C13 34. 3 3.56 0.396 123 0.079 23 1. 013 - - - O. 105 · 01288 o. 596 
C14 22. 1 3.13 0.289 96 O. 311 21 0.652 12.3 61. 4 7.97 0.0924 · 00962 0.435 
C16 34. 6 3. 64 0.344 132 o. 189 " 22 1.060 18.7 61. 0 7.80 0.112 .01184 O. 549 
C17 40.8 3. 09 O. 455 128 O. 097 20 1. 082 16. 0 52.4 4.94 o. 0819 · 01022 O. 658 
C18 30. 3 2.82 0.433 171 O. 197 20 0.803 12. 1 53. 2 5. 18 O. 0748 · 00896 0.- 626 
C22 16.0 5.59 O. 217 144 O. 067 23 0.426 - - - 0.149 - -
C30 8. 6 4. 63 O. 118 126 0.147 24 O. 231 4.82 18. 2 9.70 O. 125 · 01079 ~ 0 _ 180 
C31 43. 0 3. 73 0.329 138 0.144 19 1. 157 23. 0 74. 6 8.46 0.100 · 01 143 . j ~ I 3 
C32 27.9 4.19 O. 281 123 O. 143 26 o. 766 8.70 34.8 3. 58 O. 115 .00929 0. 438 
C33 54.8 1. 89 0.423 90 O. 085 15 1.504 16.5 74.5 3.25 O. 0519 .00522 O. 660 
:::45 9.2 3. 35 O. 134 174 O. 037 25 0.247 - - - O. 0904 .00690 -
:::46 10.4 0.31 0.545 184 O. 146 22 O. 281 - - - O. 0084 · 00122 -
:::47 48.7 0.49 0.546 133 O. 084 17 1. 362 15.4 80.9 9. 17 O. 0137 · 00212 o. 896 
:=:48 . 32.9 4. 89 0.323 158 O. 123 20 0.920 23.2 58.4 5. 04 O. 137 · 01422 O. 530 
:49 44.9 1. 76 0. 414 116 0.013 15 1. 156 - - - O. 0453 - 0.701 
:50 50.2 1. 53 0.443 101 O. 051 15 1. 292 - - - O. 0394 - 0.750 
:51 23. 1 2. 57 0.410 135 O. 158 27 0.591 8.52 54. 5 11. 5 O. 0658 · 00863 O. 654 
:::52 20. 0 3. 27 0.280 178 O. 048 25 0.512 14. 2 37.0 5. 38 O. 0837 · 00900 0.447 
)38 27.9 3. 33 0.449 132 o. 101 27 0.747 9.90 42. 1 4.56 0.0891 .01011 0.761 
)39 59.5 2. 58 0.516 135 O. 095 19 1. 593 21. 3 69. 6 4. 67 O. 0691 .00892 0.874 
)40 50.6 O. 74 O. 550 119 O. 325 17 1. 31 4 14. 1 48. 2 3. 13 o. 0193 · 00246 0.862 
)41 36.7 O. 04 0.619 158 O. 037 19 O. 953 10.5 34. 3 3. 36 0.0011 .00017 0.970 
)44 38. 2 2. 14 O. 552 145 O. 091 25 0.970 9. 10 30.9 2.45 O. 0543 · 00 66 0 0.847 
)45 25. 1 5. 03 0.211 164 0.119 28 O. 637 6. 17 20.8 2. 69 0.128 · 00881 0.324 
)46 16.4 2.98 0.364 154 O. 287 29 0. 40 2 3. 05 13. 6 1. 91 0.0731 · 00548 O. 558 
-
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Table C. 1. (contd) Parameter estimation. Bagasse preparation PI. 
Run K 1 V KV HV 
No. of K.I Sh1 ReI 
Gal '- K2 No. a <PI 2 points 1 (x 106 ) K2 
a 
a 'T(l-a ) Dr 
D47 33.9 4. 23 0.326 125 0.315 28 0.831 6. 07 23. 6 1. 71 0.104 . . 00735 O. 500 
D48 24, 3 7.94 O. 201 132 O. 070 29 O. 654 6.34 23. 6 2.91 0.214 · 01421 O. 291 
D49 14. 0 9.66 o. 166 161 O. 062 28 O. 377 3. 68 18. 2 2.98 0.260 · 01656 0.241 
El 19.6 3. 18 0.319 66 O. 087 26 O. 878 9.38 24. 8 3.40 0.143 .01162 0.521 
E2 25. 2 7.50 O. 247 176 0.433 32 0.484 4.66 22.4 2. 49 0.144 · 010 63 O. 403 
E9 28.9 4. 21 0.444 98 O. 037 27 1. 355 16.6 42.4 4. 65 O. 197 · 02040 0.693 
EI0 38.9 2. 18 0.582 176 O. 191 32 O. 782 8.32 36. 8 3. 04 O. 0438 · 00602 0.909 
Ell 23. 1 1. 26 O. 548 44 O. 026 19 1.058 18. 1 64 . 0 7. 12 O. 0577 .00888 O. 839 
E12 37.9 2. 55 0.507 115 0.190 27 0.744 11. 8 58. 5 5.70 O. 0501 .00706 O. 776 
E13 34. 7 2.35 0.502 80 O. 245 26 0.963 8.99 34. 0 2. 39 O. 0652 · 00715 0.784 
E14 38.4 4. 01 0.486 128 O. 087 25 1. 065 10.6 36. 1 2. 86 O. III .01182 O. 759 
E15 27.5 3. 38 O. 450 95 O. 065 26 0.999 9.84 38. 1 3. 38 O. 123 · 01145 O. 667 
E16 32. 6 3. 55 0.479 130 O. 281 30 0.789 7.28 35.2 2. 77 o. 0859 · 00847 0.710 
E17 26.5 4.16 0.4 61 156 0.134 25 O. 699 11. 8 47.0 6.34 O. 110 · 01453 0.702 
E18 21. 3 5. 36 O. 299 137 O. 218 31 0.561 9.41 30. 3 6. 19 O. 141 · 01439 O. 455 
~19 16.4 2.92 O. 376 109 0.312 25 O. 54 0 5.52 24.4 3. 22 0.0961 · 00834 0.574 
~20 19.3 4. 55 0.312 142 O. 045 32 0. 42 3 4.18 23. 6 2.90 0.100 · 00786 0.476 
~21 25. 8 2.31 0.521 95 O. 035 26 0.944 11. 4 31. 4 4. 03 O. 0845 · 01044 O. 792 
~22 25. 7 2.47 0.487 117 0.489 31 0.627 7.25 30. 2 3. 58 O. 0602 · 00695 O. 740 
~23 20. 2 2.91 0.416 74 O. 095 26 0.923 16. 1 39. 3 7.90 O. 133 · 01563 O. 633 
~24 23. 0 6. 10 0.258 149 O. 334 32 0.450 6.87 34. 3 5. 25 o. 119 .01105 0.392 
~25 16.4 2. 97 O. 384 95 0.197 26 O. 558 7.54 32.4 4. 79 o. 101 · 01029 O. 657 
~26 22. 7 1. 54 o. 536 107 O. 046 29 0.618 8.26 32.9 4.62 0.0419 · 00567 0.917 
~27 18. 8 2.09 0.410 78 O. 050 23 0.822 10.4 33. 1 4.72 0.0914 · 00914 O. 6 27 
~28 23. 5 2.50 0.459 153 0.403 32 0.441 4.92 29. 2 3. 25 O. 0469 · 00511 0.702 
~29 28. 1 2.70 O. 394 134 O. 193 29 0.786 11. 0 33. 7 4.99 O. 0755 · 00799 O. 603 I ~30 23. 1 3.82 O. 354 129 O. 196 30 O. 538 7.36 32. 9 4. 63 O. 0890 · 00884 '. !~. S·H 
13 31. 5 1. 87 0.400 136 O. 066 17 0.870 - - - O. 0516 . 00440 ' -
14 25. 7 2. 01 O. 302 139 0.023 20 0.709 9. 22 28. 1 1. 94 O. 0555 .00406 -
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. Table C. 1. (contd) Parameter estimation. Bagasse preparation PI. 
Run KV K 2V 
No . of Gal K2 
No. 1 ct HV 4>1 points 1< I Sh1 ReI (xl06) 
K' ct " 
1 2, a T( 1 -ct ) Dr 
·J2 38.2 2.70 O. 411 138 O. 180 26 0.999 11. 5 36. 4 3.75 O. 0706 · 00713 ' 0.649 
J3 56. 0 2. 31 O. 533 140 O. 196 22 1. 465 11. 8 41. 7 4. 75 O. 0604 .00769 0.842 
I 
J4 75. 3 2.28 0.532 148 0 .. 080 22 1.. 997 12. 1 36. 6 3. 35 0.0605 · 00669 O. 862 
J5 42.9 1. 57 0.500 149 O. 078 22 1. 138 11. 9 29.2 2. 15 0.0416 .00431 0.810 
J6 39. 0 1. 87 0.457 155 O. 067 22 1. 013 9.52 27. 1 1. 73 O. 0486 · 00446 0.728 
J7 41. 4 1. 66 0. 496 136 O. 058 22 1. 075 6. 97 31. 2 2. 18 0.0431 · 00427 0.790 
J8 42. 5 3.45 0.464 149 0.233 27 1. 146 8. 08 33. 3 2. 65 0.0930 · 00883 0.732 
J9 44.1 3. 69 0.411 185 O. 137 19 1. 189 14.3 25. 8 1. 67 O. 0995 · 00859 O. 649 
J14 55.4 2.40 O. 507 167 0.671 28 1. 520 14. 1 33. 0 2. 79 o. 0659 · 00703 0.775 
J15 54. 8 2.40 0.482 176 O. 203 27 1. 504 19.9 27.6 2. 03 o. 65 9 · 00 669 0.737 
J16 46. 7 2. 38 0.518 128 O. 508 28 1.245 9.38 41. 0 4.50 O. 0634 .00767 0.804 
J17 38. 5 2. 80 0.446 159 0.301 27 1. 026 16.0 29.2 2.41 O. 0746 · 00785 O. 692 
J21 46. 5 1. 96 0.498 93 0.424 23 1.204 8.42 32.6 1. 81 O. 0508 .00465 0.765 
J22 57.2 2.40 0.514 137 0.591 28 1. 481 10. 2 27.9 1. 72 O. 0622 · 00588 0.789 
J23 59. 5 2. 81 0.467 153 0, 149 27 1. 661 16.9 40. 1 3. 12 O. 0784 · 00822 0.731 
J24 67. 1 2.82 0.460 144 0.402 23 1. 873 19.4 44.9 3. 28 O. 0787 .00814 0.720 
• 
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Table C. 2. Parameter estimation. Bagasse preparation P2. 
Run 
K 1V K' 
Gal , K2 
No . K 2
V Cl HV <P l No . of .Sh1 ReI (x10 6) K2 
Cl 
points 
. 1 a: T(l _Cl ) Dr 
C6 26. 2 1. 45 0.614 113 . 159 22 o. 729 - - - O. 0403 · 00535 O. 852 
C35 22.4 2.72 0.419 92 . 306 22 O. 661 5. 08 32. 1 2.06 O. 0803 . 00 653 0.575 
C43 12.0 1. 05 0.405 169 O. 062 23 0.314 5. 16 16.9 7.72 O. 0274 {, . • ,J O. 600 
C44 44.5 1. 36 0.552 92 o. 089 17 1. 184 18.3 74.9 5. 69 O. 0362 · 005 47 -
D18 11. 6 5. 72 0.250 151 O. 145 27 0.301 2.79 12.5 3. 03 O. 149 .00990 o. 360 
D19 23. 6 2.00 0.449 120 O. 200 26 0. 613 - - - O. 0519 · 00471 0.647 
D20 21. 3 0.94 0.454 134 O. 387 25 O. 602 5. 15 22.9 2. 68 o. 0266 · 00234 O. 664 
D21 17.4 3. 64 0. 403 150 O. 380 25 0.492 4.27 17.8 2.81 O. 103 · 00829 0. 589 
D34 29. 6 1. 58 0.597 109 O. 075 26 0.823 7.73 32.3 2.81 o. 0439 · 00567 O. 804 
D35 34.8 2. 62 0.55 4 96 0, 095 26 0.968 8.94 40 .9 2. 68 O. 0729 .00850 0.746 
D36 . 43.7 2. 18 0.525 83 24 1. 144 8. 58 46. 4 1. 88 O. 0571 · 00571 0.732 
I 
O. 078 
D37 49. 3 2. 17 0.592 114 O. "t.72 26 1. 291 9.76 41. 2 1. 92 O. 0568 · 00662 O. 825 I I 
D42 50. 3 1. 97 0.707 123 O. 682 25 1. 307 5. 87 30.9 2.05 0.051? .00749 0.965 
D43 38. 0 2. 63 O. 595 156 O. 099 25 0.987 8. 97 22. 1 1. 12 O. 0683 .00724 0.812 
D50 29. 0 5. 19 0.449 144 o. 269 25 o. 769 7.08 27.8 2. 79 O. 138 .01278 0.601 
D51 15.7 18. 08 O. 173 151 O. 287 30 0.412 2.77 17. 2 1. 72 0.475 .02523 O. 223 
D52 6. 7 9.42 o. 249 145 O. 218 32 O. 176 1. 23 12.9 1. 92 0.248 ' · 01448 0.321 
D57 19.7 1. 00 0.792 130 0.255 28 0.488 3. 18 23. 3 3. 45 O. 0247 .00620 1. 114 
D58 17.7 4. 11 O. 269 146 0.092 28 0.439 6. 13 17. 3 2. 09 0.102 .00728 0.378 
- -_ . -_ ._--_.-
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Table C. 3. Parameter estimation. Bagasse preparation P3. 
~un K1V K2V HV <PI 
N o. of KI Sh1 ReI 
Gal ' 'I K2 
a K ' a '-Jo. points 1 ( xl 06 ) 2 a T( 1 _ a ) Dr 
:19 28. 6 1. 04 0.743 125 O. 154 27 0.739 3. 37 ' 16.6 1. 04 O. 0269 .00368 0.856 
:20 37.0 0.94 O. 667 91 0.210 25 0~981 2. 16 10.6 o. 269 O. 0249 · 00199 0.793 
:21 29. 8 1. 00 0.538 99 0.078 23 0.790 1. 83 11. 1 0.313 O. 0265 · 00153 o. 639 
:25 36. 7 1. 71 O. 632 82 O. 258 23 1.068 2.27 10.9 0.301 O. 0498 · 00335 0.712 
:26 27.8 1. 05 O. 803 108 O. 503 27 0.704 2. 32 13. 6 0.570 O. 0266 · 00420 0.917 
:27 36.9 1. 88 O. 791 125 o. 160 26 0.934 - - - O. 0476 .00708 0.903 
:39 32. 6 1. 20 0.703 100 0.235 26 0.876 2.80 16. 3 o. 569 O. 0323 · 00328 0.792 
:54 49. 0 1. 94 0.6 14 123 O. 203 22 1. 195 - - - O. 0473 .00370 0.692 
~11 30. 6 2.99 0.540 98 O. 311 26 0.827 4. 05 20. 3 1. 09 O. 0808 .00654 0.670 
~12 26.2 10.35 O. 344 122 0.375 26 O. 681 2. 77 13. 3 O. 795 0.269 · 01409 0.421 
~13 38. 3 11. 47 0.417 124 O. 119 27 0.996 4. 05 11. 7 0.795 0.298 · 01757 0.510 
~23 38. 1 10.04 0.407 143 0.185 27 1. 029 5. 69 11. 1 0.570 O. 271 · 01495 0.482 
)25 19.7 2. 77 O. 628 .151 O. 320 27 O. 555 - - - O. 0780 · 00631 0.745 
)26 32. 8 1. 37 O. 669 94 0.286 22 o. 839 3.83 25.7 ,0.902 O. 0351 · 00391 0.821 
)27 66. 5 1. 23 0.749 110 O. 087 19 1. 702 8. 00 26. 6 0.987 0.0315 .004 63 0.919 
~28 81. 3 2. 57 0.819 97 0.283 22 2. 219 9. 69 23. 5 0.909 O. 0701 · 01367 O. 994 
~29 78.2 2. 57 O. 846 91 O. 172 20 2. 134 9.47 23. 7 0.952 O. 0701 .01606 1. 027 
)33 33. 1 2.56 0.727 89 O. 594 27 0.879 - - - O. 0680 · 00794 0.838 
~3 24. 8 2.73 O. 505 95 0.081 24 1. 018 4. 85 15.5 1. 25 O. 112 · 00783 O. 625 
~,.. 
12. 3 6. 32 0.594 137 0.415 26 I :..::> 0.378 1. 43 7.91 0.777 0.194 .01540 0.701 I 
~6 13. 2 7. 51 O. 147 146 O. III 29 O. 271 O. 97 7.47 O. 654 O. 154 .00581 O. 173 
<:'7 30. 6 10.82 O. 308 72 O. 302 26 0.954 3. 00 16. 2 O. 556 O. 338 · 01457 O. 366 
<:'8 32. 1 1. 35 o. 746 91 0.321 32 O. 667 1. 96 15.0 0.455 0.0281 · 00330 O. 885 
I 
-~ .!-.. 
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Table C. 4. Parameter estimation. Bagasse preparation P4. 
lun 
KV 
No. of "Gal K2 
K
2
V CI. HV ~l points KI K' 'Jo. 1 Sh1 ReI (x106 ) 
CI. 
1 2 a T (1 -CI. ) DI 
:::38 46.8 o. 15 0.903 82 O. 503 20 1. 202 2.05 9. 44 o. 198 o. 0038 · 00089 0.963 
:::41 33. 2 0.10 0.849 77 O. 036 21 o. 865 1. 46 7.92 O. 200 O. 0025 .00038 0.912 
:::42 35.6 0.90 o. 802 107 O. 261 26 0.928 - - - O. 0235 · 00269 o. 861 i 
02 15.4 2.97 0.529 105 O. 205 30 0. 4 12 2.22 8.35 o. 537 O. 0794 · 00509 o. 589 
04 28. 1 9.94 0.326 90 o. 197 25 0.815 3. 62 9.45 0.419 0.288 · 01247 o. 348 
05 16.5 2.88 O. 670 128 O. 279 26 0.449 2. 14 6.22 0.472 O. 0784 · 00713 0.740 
06 15.0 4.80 0.837 96 0.867 28 0.409 0.96 8.43 0.791 O. 131 · 024 06 0.925 
017 30. 1 o. 19 0.797 79 0.485 24 O. 804 2.05 10.9 0.401 O. 0051 · 00068 0.908 
054 29. 0 2. 33 0.787 120 o. 1 6 5 28 0 . 775 2. 37 9.54 0.547 O. 0623 · 00856 O. 880 
APPENDIX D. 
IMPU2ITY E~~T~.A.CTION DATA 
Table D. 1 records results obtained 
oper ating the pilot plant with re-circulation of 
juic e through the d i ffusion vessel. Measure-
ments of juice pH and apparent purity were 
inconclu sive, and are not given here. Measure-
ments of inorganic impurities are given in section 
5.8.5. 
Table D. 2 gives the results of a limited 
number of ' once-through' p e rcolation runs aimed at 
elucidating the rate of extraction of reducing sugars 
and inorganic species . 
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Table D. 1. Details of impurity extraction runs. 
L S 2 
Brix at t = Starch ppm on brix at t = 
Reducing sugars % 
Run Prepara- Temp brix at t = (lb/min. No. tion. (Oe) 
ft 2 ) 
{rnm /g 
10 min. 30 min. 45 min. 10 min. 30 min. 45 min. 10 min. 30 min . 45 min. 
G1 PI 73 58. 6 3160 1. 12 1. 24 1. 27 340 400 660 5.2 5. I 5. 3 
G2 PI 73 48.4 3250 0.97 1. 04 1. 06 390 600 470 - - -
G3 PI 67 48.4 - 0.93 0.98 1. 04 740 450 420 8. 8 8. 9 8.8 
G4 PI 78 48.4 2960 1. 06 1. 08 1. 10 2180 26 00 26 10 5. 0 5.7 5. 6 
G5 PI 59 48.4 2960 0.95 0.97 1. 00 1380 1290 1000 12.5 14. 6 15. 1 
G6 P3 73 43. 6 5480 1. 31 1. 31 1. 31 240 210 210 5. 2 5. 3 5. 5 
G7 PI 73 48.4 3740 o. 89 0.93 0.95 490 340 - 6. 7 6. 6 6.8 
G8 PI 87 48.4 37 4 0 0.95 0.98 1. 00 266 0 2230 26 30 10.0 9. 9 9. 7 
G9 PI 59 48.4 4030 0.79 0.81 O. 83 550 46 0 490 
GI0 PI 78 48. 4 4030 0.93 0.98 1. 00 770 1120 134 0 
GIl PI 69 48.4 4030 0.93 0.97 0.98 470 350 320 
G12 PI 87 48.4 4030 0.95 1. 00 1. 00 1880 2060 2090 
I , 
G13 PI 69 48.4 3750 0.79 0.85 O. 85 400 330 370 
G14 PI 87 48.4 3750 0.91 0.95 0.97 2090 2100 2130 
G15 PI 59 48.4 3750 0.85 0.85 O. 87 400 370 360 
G16 PI 78 48.4 3750 0.89 0.93 0.95 880 1680 1180 
G17 PI 73 48.4 3680 0.83 0.89 0.91 490 420 380 
G18 PI 69 48.4 3680 0.85 0.89 0.93 440 350 340 
G19 PI 78 48.4 3680 0.85 0.91 0.93 510 1100 1210 
G20 PI 73 48.4 3230 0.82 0.87 o. 89 4 20 610 420 
G21 P2 73 48.4 4250 0.86 0.90 0.92 360 280 340 
G22 PI 73 58. 6 3230 0.82 0.87 O. 87 880 1110 1190 
G23 PI 73 48.4 3780 0.74 0.82 0.85 420 340 330 
G24 P3 73 37.6 6010 0.99 0.97 0.97 280 290 260 





Table D.!. (contd) Details of impurity extraction runs 
-_._-
Run L S2 Brix at t = Starch ppm on brix at t = 
Reducing sugars % 
Prepara- Temp 
(lb/min (mm /g) 
brix at t = 




10 min. 30 min. 45 min. 10 min. 30 min. 45 min 10. min. 30 min. 45 min. 
i 
I 
G26 PI 73 48.4 3480 0.89 0.96 O. 97 220 260 320 
G27 PI 82 48.4 3480 0.92 0.96 O. 97 1060 1240 1060 
G28 PI 78 48.4 3 4 80 0.87 0.96 0.97 430 850 930 
G29 PI 69 48.4 3480 0.82 0.87 o. 89 390 360 320 
J18 PI 73 44. 6 3770 0.87 0.95 O. 98 250 500 650 
J19 P3 73 34. 1 5280 1. 03 1. 05 1. 05 180 200 24 0 
J20 P2 73 37.6 4 4 50 0.98 1. 03 1. 03 1 9 0 2 0 0 24 0 
---- --- --
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Table D. 2. Results of once-through percolation runs. 
Preparation PI, L = 48.4 Ib/min. ft2. 
Time Reducing Cd · . Cone. of Cone. of Cone. of Cone. of Run No. Brix on uetl Vlty 0/< Ca % Mg % Na % (mins) sugars ash % K 0 
% brix brix brix brix brix brix 
O. 5 2. 59 10.6 4.1 1. 35 O. 22 O. 14 O. 05 
HI 1 1. 93 10.5 4. 2 1. 30 0.23 O. 15 0.05 
T = 80°C 2 2 1. 26 9.7 4 .4 1. 32 O. 21 O. 15 o. 06 
S = 3070 mm /g 5 0.48 10. 2 5. 6 1. 52 O. 25 O. 17 O. 10 
10 O. 19 12.6 8. 3 2. 10 O. 16 0.26 O. 10 
H2 O. 5 2. 57 16. 1 4. 3 
1. 36 0.23 o. 16 O. 05 
T = 67°C 1 1. 72 19.7 4. 5 1. 36 O. 22 O. 16 o. 06 
S = 3070 mm 2 /g 2 1. 35 16.3 4. 6 1. 33 0.21 O. 18 o. 06 
5 0.42 20.4 6.3 0.93 o. 29 O. 24 0.10 
10 O. 13 20. 7 8.2 2.54 O. 23 O. 23 O. 15 
H3 1. 25 1. 65 10.8 5. 1 1. 66 O. 21 O. 17 O. 08 
T = 87°C 2 1. 20 10.6 5.4 1. 95 0.22 O. 16 o. 09 
S = 4010 mm 2 /g 5 O. 35 13.3 6.9 2.41 0.29 O. 14 O. 14 
H4 0.5 2. 15 18.0 5.4 1. 77 O. 23 O. 19 O. 07 
T = 59°C 1 1. 55 16.9 5. 6 1. 77 O. 24 O. 18 O. 08 2 2. 5 0.76 18.3 6 . 2 1. 97 O. 25 O. 20 o. 09 S = 4010 mm /g 
5 0.27 23. 3 7.6 2. 89 O. 33 0.26 O. 19 
10 O. 14 32. 1 9. 2 3. 57 o. 39 0.29 0.21 
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APPENDI::{ E 
SOLUTION OF MODEL EQUATIONS. 
E.I Laboratory mixing tests. 
The u..place transformation of equations (3. 7) to 




bo = CbI - C. J 
(1 - a) p Cb 2 
t(I-a) C
bo = S (Cb2 C. J 




The bar above a variable repr esents its Laplace transform, and 
p represents theLaplace transform variable. 
From equation (E. 1): 
ap t 1 
similarly, 
where 
yCbo t Cj 
y P t 1 










ay p [p + 
page E. 2 
C
bo 
[a y p (1 + S) + 1] 
( 1 1 1 ~ B ) + Q + 1 ] +p-a+-y+ 
ayQ 
C. ( a p + 1 ) ( yp + 1 ) 
JO 
1 1 
P (- + 
a y 
+ 1 + S ) Q + 
(E. 6) 
Q + 1 ] 
a yQ 
In order to make the inver se transformation, the 2 terms in 
equation E. 6 are expanded in partial fractions. Thus : 
a and b are obtained as the roots of the term in square brackets 
in the denominators of the terms in equation (E. 6) and are given 
as equations (3.24) and (3. 25). For equations (E. 6) and (E. 7) 
to be identical, the coefficients in equation (E. 7) must have the 





Q + 1 
ayQ 
1 
ay a b 
Q A = D = 





1 - a ya (1 + S) 
a y a (a - b) 
ay b (1 + B) -1 
a Y b (a - b) 
a 2 _ a (_1 + _1 ) + 
a y 
a(a-b) 
b ( _1 + _1 ) _ b 2 
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Now, from Erde"lyi (1954), 1 } 
P - a 
at = e 
Therefore, inverse transformation of equation (E. 7) leads to: 
C. = C
b 
_l_[A + Be- ae + Ce-be J + C. [D + Ee- a e+ Fe-be] (E.8) 
J 0 Q - JO 
Substitution for the coefficie ntsA to F in equation (E. 8) yields the 
final result, equation (3.22). 
E. 2 Plug Flow Percolation. 
Laplace transformati'on of equations (3. 17) to (3. 19) 
with re spect to the variable e leads to: 
d C· 
( 1 + -J + C. S ) - C
bl 
S C





( 0, N) + C
bI 
C. = 0 
J 
(1 - a ) p C
b2 
- ( 1 - a) C b2 (0 ', N) + S Cb2 SC. 
= 0 
J 
U sing the boundary condition, equation (3. 21), and putting 
y = (1 - a,) / S, equation (E. 10) and (E. 11) become: 
From equation (E. 12): 
= 
C· 1 
a p + 1 
C. = 0 
J 









and from equation (E. 13), 
= 
Cj + Y Cbo 
y P + 1 
Introducing equations (E. 14) and (E. 15) into equation (E. 9), 
and re-arranging, leads to: 
d C. 
----L 
dN + (C. -J 
C bo ) [ a Y p 
2 
( 1 + S ) + P J 
p ( ap+l) (y .p+l) 






(ayp (1+ S)+P)N] exp -
( a p + 1) ( '( p + 1 ) 
I 
The integration constant A is evaluated using the boundary 
condition, equation (3.20) : 
At N = 0, C = 0 
j 






{I _ exp [_ ( a y p (1 + S ) + P ) N ] } 
( a p + 1 ) ( Yp + 1 ) 
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It can easily be shown by simple rearrangement, that 
2 
ayp {1+ 8)+p 
(ap+l)(yp+l) 
1 8 
(1 + 8) -
-rT Y = P + _1_ - 1 p+ -
a Y 
Therefore, equation (E. 18) may be re-written as 
c. = 
J 
[( ) 1D-~ + 8 N I y ] (E. 19) exp - 1 + 8 N + 1 
p+l/a p+ Iy 
Direct inver se transformation of equation (E. 19) is difficult. 







exp [- (1 + 8) N ] "{ [exp ( 
N / a 
) -1 ] + 1 } = 
P + 1 I P P a 










[- (1 + 8 ) N ] {I + [ exp ( NI a ) -1 1 . = exp II p P p+ a 
+ [exp ( 8N I ~ ) _ 1] + [exp (. Nit 
p + p +~ 
) - 1 ] [exp ( f3 N I IX) - 1 ] ) 
p + y 
Y (E. 20) 
From Erd61Yi (1954), 
a 
-1 +b 1 1 
£ { e P - 1 } = a 2" t - 2" 11 (2 J at) e - bt (E. 21) 
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Using this relation (E. 21), the inverse transformation of 
equation (E. 20) can be obtained by convolution as: 
" " s 
c. / C = 1 - e - (1 + S)N [ 1 + J 8 e - a:-jB-
J bo 0 as 
II (2 /~s ) ds 




T s- T 
I s - - + + N e a Y 
laYT (S- T 
(E. 26) 
In order to obtain solutions for C b l and C b2 , equation 
(E. 19) is substituted in equations (E. 14) and (E. 15) respectively. 







= + p( a p+l ) p( a p+l) a p+l [ 
N I a S N/ Y J" 
exp -( 1 + S)N + --:rr;: + -+1/ 





exp [ - ( 1 + 13 ) N ] = p a p 
exp(Nlt/:J. ) 
-p-"::':-+~l-I-a- [ 1+ (exp(;:f/Yy)-l) ] 
(E. 22) 





exp \ "b } = e 
p + 
Utilizing the inverse transform relations (E. 21) and (E . 23), 
equation (E. 22) can be inverse transformed to yield: 
(E. 23) 
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10 (2 -a,- ) ds 
+ ro f OS e -(ci- - S~T) / 8 N 
y(S_T ) 
I (2 / N T 
o a, 
The solution for Cb2 follows the same procedure as shown 
above to yield equation (3. 28); by inspection, it can be seen 
that it has the same form as equation (3. 27). 
E.3 Moving Bed Diffuser. 
C 3. 27) 
Sinc.e in this case Cb 1 and Cb2 are independent 
of N, equation (6. 7) can be integrated, using boundary condition 
(6.10) to give: 
c. = 
J 
1 -(ltB)N (n-l.l) -(1+ 8)N 
( C
b 
1 + 8 C
b2 
) (1 - e ) + C j , e 
1+ S 





C. d N 
J 
I-A ( (n+ 1) = 1+ 8 C bI + 8 C b2 ) + A C j 
where A is defined by equation (6. 35). Substituting for the 
integral in equations (6.13) and (6. 14) leads to: 
. d C b1 A+ 8 8 {I-A) C.(n+l) a, 
d Y 
+ 
1 + S C b1 - B Cb2 = A 1 + J 
d C
b2 + 1 + A B (I-A} C.(n+l) y 
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These 2 ordinary differential equations are solved by routine 





= c 1e 
mly + c
2




( Ym 1 (1 + 8) + 1 + A 8) em 1 y = --I-A 




+ I-A (ym2 (1 +8 ) 
(E. 28) 
(E. 29) 
where ml and m2 are the roots of the auxilliary equation, given 
in equation (6.33). In practice it is found that these roots are 
always real and unequal. 
The constants cl and c2 are evaluated from the 
boundary conditions, equations (6.11) and (6. 12): 
C (n+l) (n-l ) (n-l ) c
1 







b2 0 J 
c
2 
= b o 
C (n+ 1) 
+ b
1 
C (n-l) b C
b2 
(n-l) 
J bl + 2 
where the ai and bi are given in equations (6. 18) to (6.23). 
Substituting for c 1 and c
2 
in equation (E. 28) and (E. 29) 
leads to equations (6.17) and (6. 16) respectively. Then 
simple substitution of equations (6.16) and (6. 17) in equation 





MULTILINEAR REGRESSION ANALYSIS PROCEDURES. 
In general, i t was required to correlate a given 
variable in terms of other related measurable quantities. 
A relationship of the following form was generally sought: 
y = 
In order to perform a linear regression analysis, it was 
first necessary to transform the variables to furnish a 
linear relation. This was achieved by taking the log of 
each variable. Then the objective becomes to obtain a 
correlation in the following form: 
y = 
where Y = log y and Xi = log xi' The regression 
coefficients in equation (F. 2) are related to the constants 






b· 1 i > 0 
The I.C. L. statistical package was used to 
perform the multilinear (or multiple linear) regression 
analyses. A number of alternative analysis procedures 
are available in this program. In the procedure used 
here, a dependent variable, a subset of independent 




variables to be considered by the program, and a 
significance level for the contribution of any 
independent variable in the sub set is specified for 
each analysis. The program then follows an 
iterative procedure, successively including and/ 
or removing variables from the regression set. 
The final regression equa tion includes oniy those 
variables which are significant at the specified 
significance level. 
This procedure was found to be extremely 
useful. In order to obtain a regression equation for 
a given d~pendent variable, any pos sible independent 
variables could be specified for consideration by the 
program, which then selected only the significant 
variables from the subset of all possible variables. 
In all cases, a signific~nce level of 5% was specified. 
In a few cases, a set of observations for 
a run was 'incomplete (£01' example, a value of bed 
height may be missing for the run). The program 
included the facility for handling missing values in 
the observation m.atrix, For certain parts of the 
analysis, a complete observation matrix is required 
and so the program substituted for mis sing elements 
values derived from those already known (in this case 
by a 2nd order regression procedure). The calcu-
lation procedur e however is de signed in such a way 
that contributions to the cross product and co-variance 
matrices from the missing values are omitted, with 
the result that the significance tests and regression 
coefficients ar e not affected by the sub stitution for 
mis sing values, 




Gl. Liquid Viscosity. 
Measurements of the viscosity of low brix 
sucrose solutions have been reported by Bruniche-Olsen 
(1962) covering the range 0 to 20 brix in 5 brix intervals, 
° ° over a temperature range of 23 - 70 C. Values of jJ. 
for 0 and 20 brix solutions are also reported by Perry 
(1963) and extend over a wider temperature range. Good 
agreement between the 2 sets of values at 0 and 20 brix 
supports the reliability of Bruniche-Olsen's measurements. 
Average values of 2 and 5 brix were as sumed 
for the pilot plant and full- scale diffuser juice concentra-
tions respectively, and values of jJ. were obtained by interpol-
ation from the published values at these brix values. 
Deviations from these average values are small enough so 
that the values of viscosity are accurate to within 50/0 for 
most of the juice b r ix values observed. 
The val ues of !J. used are tabulated below. 
Table Gl. Values of liguid viscosity (in CJ:~.) 
55°C 60°C 65°C 70°C 75°C 80°C 85°C 
2 brix O. 53 0.49 0.45 0.42 0.39 O. 37 0.35 





These values are accurately represented by the following 
quadratic equations: 
at 2 brix, \-l = 1. 273- 0.0184 T + 0.0000884 T2 
. 2 
at 5 brix, \-l = 1. 397- 0.0201 T + 0.0000976 T 
Values of \-l were converted from cp to 
lb/min ft by multiplying by 0.0402. 
G.2 Liquid density. 
3 
A constant value of 61.0 lb/ft was used 
throughout for the liquid density. Calculations from 
tabulated values of p (Spencer & Meade, 1945) show 
(G. 1) 
(G. 2) 
that over the range of brix and temperature encountered, 
the maximum error introduced is 1 %. 
G.3 Molecular Diffusion Coefficient. 
Bruniche-01s en (1962) expressed the results 
of a comprehensive series of measurements of Dm for 
sucrose in water by the following equations: 
o -6 2 
at 23 C, Dm = (5.0 - O. 05C) x 10 cm /sec 
where C represents the brix of the solution, and 
( 
T-To 
Dm = Dmo 1.025) 
for all brix values up to 15 brix. Dmo represents the 
value of Dm at temperature To' 
Combining the 2 equations leads to 
( ) ( )
(T-23) -6 2 
Dm = 5.0 - O. 05C 1. 025 x 10 cm / sec 
This equation was utilized to calculate values 
of Dm' A multiplication factor of 0.0646 was applied to 





G.4 Density of Dry Fibre. 
The commonly used figure of 1. 52 gl cm 3 was 
employed for the density (no-void) of dry fibre. This 
figure is also given by Jenkin s (1966). Multiplying by 3 
62 . 43 to convert the units leads to a figure of 94.9 Ib/ft 
